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il is fastest, hydrazine decomposition is slowest, and the monomethylhydrazine
i
o 4
P decomposition rate is intermediate.
" Reaction mechanisms for the thermal gas phase decomposition
; of hydrazine, and its methyl derivatives, were postulated and s:tudied
. numerically. The postulated mechanism for hydrazine decomposition differs
from those sufgested by other investigators in that it includes a set of
branching reagtions: )
} N, H, =——————- NH + NH
273 2
‘ A2H4 + NH ——“€>—NH2 + N2H3

Rite constants computed from the mechanism agree closely with
rates measyred experimentally, and the computed stoichiometry agrees

with that dbserved experimentally.

A study of hydrazine~water mixtures showed their rates to be
¥ 7

slower than those of the anhydrous material by approximately a factor

f 10, and independent of the umount of water added. Slightly wet

o
hydrazine benaved kinetically like the hydrazine-water mixrures, Thus

it seems that water inhibits the gaseous decomposition of aydraziadlby
very effectively suppressing some rea:tion step. It is suggested that

the N, K, radical may be formed in a vibrationally excited state, from

3
which it can either branch to give N + NH,, or be deactivated to a

Py

relatively stavle form by collision with other moiecules. Then, water
may inhibit branching by greatly promoting the vibrational relaxation
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ABSTRACT

Reaction rate data on gas phase hydrazine decomposition and an

e
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understanding of the decomposition mechanism are of general scientific
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Furthermore, such understanding can centribute toward a

Ty

‘ . interest.
: solution of the problems associated with the use of hydrazine compounds

; i as roczet propellants. These considerations led to a study of the

kinetics of hydrazine and two of its methyl derivatives.

1 ‘-——————E;p The decomposition of hydrazine, hydrazine-water mixtures, UDMH
; . WAL, . . . .
: and monomethylhydrazzne.unaeASCudxed in the Princeton adiabatic flow

S reactor., This reactor consists of a cylindrical quartz section and a

conical nogzle. The walls of the reactor are heated electrically to

r ’ ] . .. . . .
Co prevent neTt loss to the ambient air. Hot nitrogen carrier gas flows

3 H
- through th$ reactor and is rapidly mixed with small quantities of gas

phase reacfant, which is injected perpendicularly to the main stream at

The mixing is followed by chemical reaction

the throat]of the nozzle.
Progress

tretch over a length of approximately 30 inches.
3 g PP

which can
of reactioh is followed by measuring the longitudinal variation of

e with a silica coated Platinum - Pt/Rh thermocouple. The
1000 deg. XK.

o3

temperatur]
temperaturp regime of the study was approximately 800

A water copled probe was used to tazkz samples near the end of the

-~ - vy ellpin

: reaction zdne.

v

The overall reaction order of all three monopropellants was

found to be very close to unity, and the following first order rate

constants were obtained for degomposition in a 3 inch duct:
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Substance Pre-exponential Activation Energy 1
factor, sec” kcal/mole 3
10.33 . )
- - NZHA 10 36.2 A
" UDMH 108-84 26.7
] ¢ -
: i 13. :
3 2 100+ 47.0 ‘[
3 i 1
§ : S A comparxson of the reactlon rﬁ_‘~>of the three monopropellants %
§ : 4S;ho%5 that, in the temperature régime of this study, UDMH decomposition é
g 5
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Reaction rate data on gas phase hydrazine decomposition and an
understanding of the decomposition mechanism are of general scientific
interest. Furthermore, such understanding can contribute toward a
solution of the problems associated with the use of hydrazine compounds
as rocket propellants. These considerations led to a study of the
; kinetics of hydrazine and two of its methyl derivatives.

The decomposition of hydrazine, hydrazine-water mixtures, UDMH, }
p and monomethylhydrazine were studied in the Princeton adiabatic flow
5 reactor. This reactor consists of a cylindrical quartz section and a

conical nozzle. The walls of the reactor are heated electrically to }

w

prevent heat loss to the ambient air. Hot nitrogen carrier gas flows
through the reactor and is rapidly mixed with small quantities of gas t
phase reactant, which is injected perpendicularly to the main stream at

the throat of the nozzle. The mixing is followed by chemical reaction

which can stretch over a length of approximately 30 inches. Progress
d : of reaction is followed by measuring the longitudinal variation of

’ temperature with a silica coated Platinum - Pt/Rh thermocouple. The g
: temperature regime of the study was approximately 800 - 1000 deg. K.

A water cooled probe was used to take samples near the end of the

Wk

reaction zone.

The overall reaction order of all three monopropellants was
found to be very close to unity, and the following first order rate

1 1 constants were obtained for decomposition in a 3 inch duct:

3 h Substance Pre-exponential Activation Energy
X factor, sec~l kcal/mole

3 10.33
N2H4 10 36.2

UDMH 108-84 26.7

L

o 1013-4 47.0

A comparison of the reaction rates of the three monopropellants

shows that, in the temperature regime of this study, UDMH decomposition
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is fastest, hydrazine decomposition is slowest, and the monomethylhydrazine

decomposition rate is intermediate.

[T R

Reaction mechanisms for the thermal gas phase decomposition ;

N e s s

of hydrazine, and its methyl derivatives, were postulated and studied
numerically. The postulated mechanism for hydrazine decomposition differs
from those suggested by other investigators in that it includes a set of

branching reactions:

[ e
; N2H3 NH + NHZ

N2H4 4+ NH ——p NH2 + N2H3

, Rate constants computed from the mechanism agree closely with
rates measured experimentally, and the computed stoichiometry agrees

= with that observed experimentally.

A study of hydrazine-water mixtures showed their rates to be

slower than those of the amhydrous material by approximately a factor
d of 10, and independent of the amount of water added. Slightly wet

hydrazine behaved kinetically like the hydrazine-water mixtures. Thus

-~ o

Y . it seems that water inhibits the gaseous decomposition of hydrazine by
very effectively suppressing some reaction step. It is suggested that
the N2H3 radical may be formed in a vibrationally excited state, from
which it can either branch to give NH + NHZ’ or be deactivated to a

relatively stable form by collision with other molecules. Then, water

may inhibit branching by greatly promoting the vibrational relaxation

£NHY
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INTRODUCTION

Hydrazine has many qualities which make it attractive as a
rocket propellant. Being non-carbonaceous, it can be used with flourine
oxidizers to give a hypergolic, high energy propellant combination.
Furthermore, hydrazine is a storable fuel, and is hypergolic with such
storable oxidizers as nitrogen tetroxide.

The potential of hydrazine as a rocket propellant was rec-
ognized at a relatively early date. Thus hydrazine hydrate, in com
bination with alcohol and water, was used to power German rocket air-
craft at the time of the Second World War (1). Hydrazine is mentioned
as an attractive rocket propellant in Russian space literature (2),
and is used extensively in American guided missile -, and space pro-
grams.

Hydrazine is not only an attractive rocket fuel. It is
also a high energy, clean vurning monopropellant. Thus, it can be
used to drive turbines for propellant pumps, and for auxiliary power.
Since hydrazine is a storable monopropellant, it can also be profitably.
used in midcourse correction units. This was done in the Mariner
Venus Spacecraft in 1962 (3). Furthermore, it has been proposed that
hydrazine be used to pressurize fuel tanks, and thus do away with
pumps (4).

But, together with all its very attractive properties, hy-
drazine also has a very serious drawback. It has a tendency to under-
go explosive decomposition. This tendency severely undermines the
practical usefulness of hydrazine as a rucket propellant,

The methyl derivatives of hydrazine exhibit a greater sta-
bility than the unsubstituted specie, and like hydrazine, they are
storable. However, their catalytic decomposition aud ignitability
are slower than those of hydrazine, making them less useful for
auxiliary power units, and as hypergolic propellants. Also, the
carbonaceous nature cf the methyl substituted hydrazines makes them
less useful with flonrine oxidizers.

In the methyl substifuted hydrazines, some of the desirable
properties of the unsubstituted specie are sacrificed in favor of
greater stability for use in rocket systems, Thus, UDMH was used in
the Jupiter-C missile which launched the Explorer I satellite (5),

and hydrazine-UDMH mixtures have beenrstudied for use in Titan II (6).
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It was felt that a fundamental understanding of hydrazine
decomposition could contribute toward a solution of the problems as-
sociated with ite use as a rocket propellant. Furthermore, rate data
on gas phase hydrazine decomposition and an understanding of the de-
composition mechanism are of general scientific interest. These con-
siderations led to a study o? the kinetics of hydrazine and some of
its methyl derivatives. This investigation forms the center of grav-
ity of the work described herein.

A number of studies of hydrazine decomposition have been
conducted by other investigators.

Thus, hydrazine decomposition has been a favorite reaction
in laminar flame studies (7, 8,9, 10, 11). Generally, the dependence
of flame speed on temperature is used to deduce an activation energy
for the reaction. Furthermore, flames may be studied spectroscopically,
as was done by Hall and Wolfhard (12) who observed bands due to NH2
and NH radicals in hydrazine decomposition flames.

Szwarc {13) used a flow reactor to study the reaction

NZHQ + X-4>2NH2 + X

tin the preserce of toluene, which acts as ascavenger for NH, radicals,

2

thus suppressing the chain decomposition of hydrazine.
Ramsay (14) studied the flash photolysis of hydrazine vapor.

Like Wolfhard, he observed NH2

also Yound that if an excess of helium (100 mm) were added to the

and NH radicals in absorption. Ramsay

hydrazine (8 mm), the hydrazine would not decompose except at a con-
giderably higher flash intensity.

Jodt (15) studied hydrazine decomposition in a shock tube,
and obtained half-lives of hydrazine as a function of temperature. A
rate constant - temperature plot may be obtained from these data, which
were taken in the temperature range 1100 deg. K. to 1540 deg. K.

In the low temperature regime, hydrazine decomposition in

isothermal bombs was studied by Thomas (16) and Lucien (17).

Though the above studies have yielded considerable data on
hydrazine decomposition, only the shock tube work of Jost, which was
carried out at approximately the same timé as the Princeton study,
gives quantitative information on overall rate constants in the
hcmégeﬁebuslgaé phase as a function of temperature.

As regards UDMH, Cordes {18) studied its decomposition in

RPN =i A o - - - =

s o Gy
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an isothermal flow reactor in helium carrier gas, obtaining overall

rate constants as functions of temperature.

The author is not aware of any kinetics studies on the de-
composition of monomethylhydrazine, nor of any experimental study
to compare the kinetic behavior of hydrazine and its derivatives. Such
a study was carried out in the Princeton adiabatic flow reactor in order
to gain a better understanding of the similarities and differences be-
tween hydrazine and its methyl-substituted derivatives.

As will be evident from the subsequent discussion, the ad-
iabatic flow reactor can be made tc yield quantitative information on
overall rate constants as a function of temperature. Furthermore, the
turbulent, adiabatic flow reactor does not suffer from the mixing and
temperature non-uaiformity problems encountered in isothermal bombs
and in isothermal flow reactors (19, 20). Finally, the adiabatic
flow reactor provides data in a reaction rate regime which is generally
too slow for ordinary shock tubes, and too fast for iso<hermal bombs,
or even isothermal flow reactors. ’

A special section is devoted to the discussion cf different
experimental techniques for obtaining kinetics data. The specific
merits and limitations of the adiabatic flow reactor will be discussed
in that section.

The purpose of the experimental study was to obtain quanti-
tative information on reaction rate constants as a function of temper-
ature for the homogeneous gas phase decomposition of hydrazine and its

methyl derivatives,

The data obtained in this study were used to reach a better

%understanding of the chemical kinetic mechanisms by which the decom-

positions proceed, and to compare the kinetic behavior of hydrazine
and its methyl derivatives.

Despite all the work done on hydrazin decomposition, the
overall mechanism by which this decomposition proceeds is still not
understood. For the case of the hydrazine derivatives the situation
is even worse.

Though some decomposition mechanisms have been proposed by
the various investigators, none of these has been shown to quantitative-
ly predict both the absolute value of the rate constant and overall acti-

vation energy, and none of the proposed mechanisms has been shown to be

it TR Gt 8
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valid over a wide temperature range. One reason for this difficulty
is the great complexity of the free radical mechanisms which govern
the decomposition of hydrazine and its derivatives. Generally, it
is not possible to reduce the set of differential equations deducible
from the mechanism to an analytical expression which may be compared
with experimental observations. Rather, it becomes necessary to
make further assumptions regarding the behavior of free radicals in
order to simplify the algebra to a point where a solution can be
obtained (21). Because high speed electronic computers have be-
come available, it is now possible to solve the set of differential
equations deducible from the reaction mechanism without making any
further assumptions. It is thus possible to obtain exactly the rate
constants predicted by the mechanism. The rate constant-temperature
plots obtained from the mechanism may then be compared directly with
those obtained by experiment. This approach also makes it possible
to study the validity of the steady state assumption for the particu-
lar mechanism. Unlike simple Arrhenius expressions, which generally
are only valid in a narrow temperature range, 2 complete mechanism
can be used with much greater confidence to predict rates over a
wide temperature range.

Reaction mechanisms for the decomposition of hydrazine,
UDMH, and monomwethyl hydrazine were investigated by numerically
solving the differential equations determined by the mechanisms.
A discussion of suggested mechanisms and results of ccomputations
is presented.

In general, the following approach was used: Reaction
rates were measured in the flow reactor over a temperature range
of some 200 deg. C, and chemical samples were taken at the end of

the reaction zone with a water cooled probe. 3Spectroscopic and

other data available in the literature were used to initially establish

a mechanism. The differential equations given by the mechanism were
then integrated numerically, and the rate constants and stoichiometry
predicted by the mechanism were compared with those obtained experi-

mentally. The temperature range of the study was approximately 800

to 1000 deg. K. It is interesting to note that the computations ‘yield

concentration-time curves for reactants, intermediates, and products.
If these could be measured experimentally, then such data, in con-

junction with information presented in this thesis, could conceivably
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result in a mechanism which is quantitative and unique.

The material in this thesis is organized into seven main
sections. First, a theoretical background is presented. This involves
a discussion of molecular structure, and a brief review of the funda-
mentals of chemical kinetics with particular reference to the validity
of the steady state assumption. Second, a discussion of experimental
approaches to the study of chemical kinetics and previous work on
hydrazine is precented. Laminar flames, shock tubes, isothermal £low
reactors and isothermal bombs, flash photolysis, and explosion limit
studies are discussed in particular as they pertain to the study of
hydrazine and its methyl derivatives. Third, a description of ap-
paratus and of experiments performed in this study is presented. The
principle and operation of the adiabatic flow reactor are discussed,
and a treatment of the effect which turbulence has on the chemical
kinetics measurements is presented. The results of the measurements
are then presented and discussed considering such factors as the most
appropriate overall order for the reaction. After this discussion,
reaction mechanisms for hydrazine and its derivatives are postulated.
This section is followed by a discussion of the results of computations
performed on the postulated mechanisms. It should be noted that
though the experimental data have been reduced using a simple Arrhenius
expression, this correlation has been locked upon as empirical. An un-
derstanding of the mechanism of decomposition was sought by comparing
the computed behavior of various mechanisms with results of the series
of experiments performed in this study and the results of other in-
vestigations.

As a concluding remark, it should be noted that hydrazine
vapor is very explosive and extremely difficult to handle experimental-
ly. Consequently, quite formidable engincering difficulties had to be
overcome. The resulting complexity of the experimental apparatus and
the severe setbacks in the experimental effort caused by several hy-
drazine explosions made it quite impossible to attain the high degree
of reliability, thoroughness and sophistication of experimental effort
which would have been possible if the substance studied had been more

reliable and less hazardous and capricious than hydrazine.
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CHAPTER I
THEORETICAL CONSIDERATIONS

A brief theoretical background is presented. The discussion
is organized as follows. First, the electronic and molecular structures
of hydrazine, unsymmetrical dimethylhydrazine, and monomethylhydrazine
are considered. This consideration is followed by a discussion of the
meaning of the Arrhenius expression for elementary reactions. A dis-
cussion of elementary reactions in chain processes is then presented,
and is followed by a consideration of the validity of the steady state

hypothesis for homogeneous gas phase reactionms,

A. Electronic and Molecular Structure

In a quantum mechanical study of hydrazine, Penny and Suther-
land (22) found that the (Zs)2 shell of the nitrogen atom shows a dis-
tinct tendency to break up under the influence of neighboring atoms.
Consequently, one has to deal not with a pure conflguration (2 ) (2 )
but with a mixture of (2 ) (2 ) and (2 ) (2 ) Now, if one of the
2, electrons is removed, there remains the conflguratlon (2 ) (2 ) s
1dent1ca1 to that of the tetravalent carbon atom. The four valenc1es
of the carbon atom are dispose® tetrahedrally, and their great bond~
ing power arises from the hybridization of the 2s and Zp wave functions
{(23). 1If the 2s electron which was removed from the N atom is now
restored, not into the 2s orbit, but into one of the already singly
occupied tetrahedral orbits, then an ~ atom is obtained with powerful
valence bonds along three of the tetrahedral directions, and a pair of
electrons of opposite spins occupying the fourth (22). Penny and
Sutherland (22) consider a hydrazine constructed from such nitrogen
atoms to be the most stable one possibile.

The following average bond strengths appear to be applicable
to the hydrazine molecule (24):

N~-N 60 ksal/mole
N-H 88 kcal/mole

Herzberg 625) gives the following ground state bond distances:

N-H r = 1.014 x 107 %m
N-N r, =15 x 10 %n
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All bond angles are approximately 108 hy 10 degrees (20).

From spectroscopic observations, Fresenius and Karweil (27)
conclude that of three molecular structures possible for hydrazine,
i.e. the tub form, the seat form, and the totally unsymmetrical form,
the one existing at ordinary temperatures is the totally unsymmetrical
form. At ordinary temperatures there is no rotation about the N - N
bond, but only twisting. Fresenius and Karweil (27) assign to hydrazine
a potential barrier for rotation of 6 to 10 kcal, in agreement with
the value found by Penny and Sutherland (22) who calculated 0.33
electron volts for the higher barrier. These authors also calculated
a smaller barrier of 0.2 ev. The acceptance of this second barrier
leads to acceptance of two forms of N2H4 which result by rotation of
one of the NH2 groups about the N - N bond.

Modes and frequencies of oscillation for hydrazine as found
by Fresenius and Karweil are shown in Figure 1.

An interesting possibility to consider is the migration of
H atoms. Thus Audrieth and Ogg (26) state that it is conceivable that

hydrazine may exist in a tautomeric amine-imide form H.N —3= NH and

that proton migration may have occurred to give a molezule with such
a structure. There is some chemical evidence to indicate that such an
amine- imide structure is possible for certain hydrazine derivatives.
Thus phenylhydrazine undergoes thermal decomposition involving migra-
tion of the NH radical from the ortho to the para position, with the
formation of p -phenylene~diamine (26).

It will be seen later that the migration of hydrogen atoms
can result in some interzsting reactions.

Now, let us proceed to a discussion of the two methyl deriva-
tives of hydrazine, which are of interest in this study.

From electron diffraction studies, Beamer (28) determined

the following angles and bond distances in unsymmetrical dimethyl-

hydrazine:
C-N 1.47 + 0.03 A°
N-N 1.45 + 0.03 A°
N-H 1.04 A° (assumed)
C-H 1.09 A° (assumed)
C-N-C 110° + 4°
C-N-N 110° + 4°
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An interesting feature of the UDMH molecule is that the

masses of NHZ and CB3 are very much alike, i.e. the ratio of the mole-

cular weights of the two groups is 16:15. If this ratio is compared
with 1:15 ﬁetween hydrogen and CHB’ it appears more correct to consider
UDMH as a substituted ammonia, rather than as a substituted hydrazine.
Thus, UDMH should be written as

CH3

aN- nC
2 N\
CH,

rather than as

H CH

3
\\\'N - N -
H -~ ™~ CH3

From the electronic structure considerations for the nitrogen.

atom, it was found that the N atom has four electron clouds which
are qualitatively similar. Of these only three are being used for bond
formation, Thus, there appears to be a possibility for resonance,
which, together with the short observed N - N bond distance makes it
quite likely that the N - N bond is stronger than 60 kcal. Diebeler,
Franklin and Reese (29) made electron impact studies of hydrazine, and
the methyl substituted hydrazines. From these, they computed the N - N
bond in UDMH to be 72 kcal/mole, which tends tc confirm the above con~
siderations. -
One would expect the bond strengths in monomethylhydrazine
to be intermediate between those of hydrazine and UDMH. This expecta-
tion is confirmed by Diebeler et al. (29) who give 67 kcal/mole as
the strength of the N - N bond in monomethylhydrazine. However, the
mechanical and steric structures of monomethylhydrazine should not be
treated as simple averages between those of hydrazine and UDMH,
Diebeler et al. (29) find that in monomethylamine the N - C
bond is 80 kcal/mole, in dimethylamine 87 kcal, and in trimethylamine
94 kcal. The electron cloud contribution which can be provided by an
Nﬂz
Consequently, one would expect the N ~ C bond in UDMH to be slightly

group is likely to be weaker than that provided by a CH3 group.
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weaker than the corresponding bond in trimethylamine, and the N ~ C |
bond in monomethylhydrazine to be slightly weaker than the corresponding | l
bond in dimethylamine. The N - C bond strengths for UDMH and mono~ 7 ]

PRGN W Sl T

methylhydrazine were thus estimated to be Y0 kcal/mole and 83 kcal/mole i

e

respectively. 1

In summary, the following values of bond strengths appear

“

to be applicable to the methyl derivatives of hydrazine. *
| UDMH
N-N 72 kcal/mole
} | N-C 90 kcal/mole l
. N-H 88 kcal/mole
E J c - H 98 kcal/mole {
1; : Monomethylhydrazine
N-N 67 kcal/mole
N-C 83 kcal/mole
N-H 88 kcal/mole
1 C-H 98 kcal/mole , ]
d d

It is seen from the above that for all the hydrazines the

N - N bond is the weakest.

B. The Arrhenius Expression for Elementary Reactions ;
The rate constant for elementary reactions may usually be
written as
. k = A exp [-E/RT]
: where A is the '"preexponential factor" and E is the "activation !
energy." The meaning of these terms will now be examined.

If a molecule AB has an energy E* above the ground state
value for the molecule, there is a finite probability that at some
time this energy will be concentrated in an A - B vibrational or

' rotational mode. If E* exceeds the A - B bond strength, then such
4 concentration of energy can lead to rupture of the A - B bond, re-
* sulting in the reaction

AR ——> A+B

*
d : The value of E which is necessary In order that the

'
. 4 da, o0
P IV PRLT LY Rt
-

above process take place is thi: activation energy E. For a simple

* s
molecule, the probability that E exceeds E is exp (-E/RT). P

For a diatomic molecule the probability that the vibrational :

it
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energy exceeds E is exp (~E/RT) if the vibrational levels are con- : 5
tinuous, which is almost true of the very high vibrational levels., If, z

in addition, the effects of rotation may be neglected, than this pre- ‘ l
exponential factor is the same as vibration frequency, and the rate of ‘
decomposition is the product of the vibration frequency and the prob- {

ability that the vibrational energy exceeds the activation energy.

For a bimolecular reaction

g : AB +C —— A+ BC

the preexponential factor may be interpreted as the product of collision
frequency and a steric factor. E#% is then the translational kinetic t
energy released as a result of the collision. In this simplified model.

the contributions of initial rotational and vibrational energy of the
{

AB molecule are ignored.
It should be pointed out that in the above models, the chem

ical processes were assumed to be sufficiently slow so that a Boltzmann

energy distribution was always maintained.
Hinshelwood (30) considered the contribution of vibrational

and rotational energy to E¥*, and found the probability that E¥ exceeds 4

E to be given by the expression

_(E[RT)™ 1 exp (-E/RT)

(1) | 2 |

where m = n/2 = number of degrees of freedom of the molecule and n

is the number of 'square terms' in which the energy of the molecule is
distributed. In deriving the above expression, it is assumed that there
is free energy transfer between modes. However, the probability that
all the 'mechanical' energy of a molecule is available to a particular

mode, is less than unity. Thus, the rate constant is properly written j

as
k = VPB exp (-E/RT)
where ‘ {
B = [E/RT]m—l ‘ T
(m~ 1) ! % !

T

and P is the probability that the energy contained in the molecule is
available in the time T = /4 . For a complex molecule, the

number B is quite large. However, P is likely to be quite small, so

that BP can have a large range of values,
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A more thorough discussion of \different models of mole-

cular decomposition is given by Benson (31).
In a gas, the Boltzmann distribution of energies is main-

tained by collisional energy transfer. Consequently, it appears more

correct to write the decomposition reaction
AB ———» A +8B
as the result of three reactions, i.e.

(1) AB + X* ——>» AB¥ + X
(2) AB* + X ——_y AB + X*
(3) AB¥* —————> A+B
Reactions 1 and 2 serve to maintain the Boltzmann energy
distribution for the AB molecule, whereas reaction 3 results in the de-

pletion of active AB molecules from this distribution.
'high pressure' and 'low pres-

Benson (32) distinguishes

It is now possible to speak of
sure' limits of quasi~-unimolecular processes.

these as follows:

In the high pressure limit deactivation of active molecules
d
is much more rapid than decomposition, and an equilibrium amount of ac- s
tive species may be assumed to exist. In the low pressure limit, the ﬂ
1

opposite is true, i.e. the rate of decomposition of active molecules
is far move rapid than the rate of deactivation. There is no equilibrium

amount of active specie, and practically every activation results in

reaction.

At the high pressure limit, the effectiveness with which

the third body X transfers energy in a collision is of little con-
However, at the low pressure limit, the effectiveness of
Also, third body effective~-

sequence.

the third body X
ness is important for determining the pressures at which a reaction

is of great importance.

behaves in a 'high pressure' or 'low pressure' mannmer.

The rapidity of the depletion reaction, 3, also plays an
important role in determining whether a particular reaction behaves
Thus, a very rapid

in the 'high pressure' or 'low pressure' manner.

decomposition reaction could result in 'low pressure' behavior even

at relatively high pressures,
Considerations similar to the ones discussed above hold for ;:

overall bimolecular reactions.
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Thus, the reaction
A+BC e—» AB+C

may be written as the sum of the reactions

and the reaction

A4+B ———» AB
may be written as the sum of the reactions
A+B —>> AR¥

AB¥ ———> A +B
AB* + X ———3p AB + X*

In the following section the elementary reactions of chain
processes, i.e. initiation, termination, propagation, and branching

will be discussed in the light of the above considerations.

C. Elementary Reactions in Chain Processes

Chain reactions consist of 4 fundamental types of steps,
namely initiation, propagation, branching, and termination. These
reactions will now be discussed, with particular reference to the de-
composition of hydrazine and its derivatives.

First, consider the initiation reaction for hvdrazine de-

composition, i.e.

NH, ————p 2NH,

This reaction may be considered to consist of three elementary steps,

namely:
1. NZH, +X*._._) Nzﬂﬂ*
2 N}{*-{-X._,NH + X%
) 24 24

*
3. NZHA —_— ZNH2
At the low pressure limit R3 >> Rz, whereas at the high pressure
limit, R2 >> R3 and the rate of decomposition of NZH4 is independent

of the third body concentration.
First, consider conditions at the high pressure limit.

R
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The rate of decomposition of N2H4 may then be written

d d *, *

o N8, ] =gVt 1= N8, )
where is the rate constant of decomposition of the activated com
plex. It seems that an upper limit on would correspond to the

vibration frequency of the bond to be broken. For hydrazine, the wave

number of the N - N stretching bond is 850 cnrl (27). Thus
=2.0 x 1013 sec -1. Thea, one may write
max

d 13
[N2H4] 2.0 x 10

-E
3t x BP exp ( RT) X [NZHA]

Szwarc (13) decomposed hydrazine in a toluene carrier gas
in a silica flow reactor. Toluene acted as a scavenger for NH2 radi-
cals. Consequently, he was able to investigate the reaction

N, —— 2N,

which he concluded to be a homogenecus, unimolecular gas reaction having

a rate constant 1

e

12 -60,000) sec-l

k=4 % 1077 exp ( RT

Writing 1

k PB exp (-E/RT)

where B is the factor accounting for energy available in other modes
of the molecule, and P 1is the probability that this energy is avail-
able in the time %= '/2) , it is found that BP ~ 0.2.

However, Gilbert (20) found that, contrary to assumption, the *
flow in Szwarc's reactor was not isothermal, but that there must have
been a strong temperature effect due tc heat transfer in the entrance
region of the reactor. Gilbert (20) analytically corrected for the

¥
heat transfer effect, and re-interpreted Szwarc's data as favoring a ! A

second oxder formation for NHZ radicals, rather than a first order for- ! 3
mation. Gilbert found a rate constant

k = 1019 exp (

-60,000

RT

which he assumed to be the low pressure value in a quasi-unimolecular

) cc/mole-sec

rate process.

The question now arises whether the results of Szwarc's measure-
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ments, as interpreted by Gilbert, can be applied at the conditions ex-
perienced in the Princeton adiabatic flow reactor. 1In Szwarc's ex-

periment the following values are representative.

Toluene pressure = 7.6 mm Hg
Hydrazine pressure = 0.76 mn Hg
Temperature = 10uU°K

In the adiabatic flow reactor:
Nitrogen pressure 750 mm Hg
Hydrazine pressure 10 mm Hg
Temperature 1000°K

A clue to the pressure at which transition from 'low pres-
sure' to 'high pressure' behavior occurs may be found in the results of
laminar flame studies.

Thus Gilbert (33) found in the literature that below one

atmosphere the laminar flame speed was independent of pressure, while

at higher pressures it is inversely proportional to the square root of |

pressure, indicating an overall first order reaction at higher pres-
sures.

Hydrazine decomposition in the flow reactor was found to be
first order with respect to hydrazine. However, the carrier gas con-
centration was not varied, so there is no way to tell whether the re-
action is truly at its high pressure limits or whether it behaves in

the low pressure manner, with X = N2 = carrier gas.

If the relative third body effectiveness of hydrazine and ni-
trogen for the iriciation reaction is evaluated in the light of re-
laxation experiments, one would tend to conclude that hydrazine is
much more effective than nitrogen, and that hydrazine decomposition
should proceed as if the nitrogen were absent. However, laminar flame
experiments (34) show that hydrazine decomposition at hydrazine pres-
sures corresponding to its partial pressure in the flow reactor is
second order. Thus, it must be concluded that the effectiveness of
nitrogen as a third body cannot be ignored. This conclusion is further
supported by evidence presented by Bradley (35) who concluded that
molecules which are extremely effective third bodies for vibrational
relaxation prove to be ineffective in the activation required to pro-

mote unimolecular decomposition. Bradley (35) also finds that the

.
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magnitudes of the efficiencies differ in the ... cases, the spread
being much less with unimolecular reaction processes. Thus it is
found (36, 37) that in promoting a typical reaction such as the dis-
sociation of nitrous oxide the efficiency relative to that of the
parent molecule ranges from 1.5 in the case of H20 to 0.2 for Ar,
whereas the efficiency ranges from 1.0 for NZO to 100 for HZO in
the case of simple vibrational energy transfer in the same molecule.

From this one can deduce the very important conclusion that trace

impurities, which can be very important in relaxation experiments, are

likely to be unimportant in determining chemical reaction rate,
Since the effectiveness of nitrogen as a third body is not
known, i* is not possible to decide whether hydrazine initiation in

the flow reactor behaves in a true 'high pressure' manner or whether

'low pressure' behavior with nitrogen as third body is a more correct

description of the process. If the nitrogen efficiency is as high as

unity, then 'high pressure' behavior would be expected. 1If, however,

such efficiency is as low as 0.2 or 0.1 then 'low pressure' behavior,

with nitrogen as the third body wovld be expected. 1In the latter case

there would be a slight effect of hydrazine concentration on the rate.

(It will be seen later that hydrazine decomposition flames were sec-

ond order at pressures as high as 10 cm Hg. A third body efficiency

of nitrogen of 0.1 would make its "effective" pressure 7.6 cm Hg,
thus placing the reaction in the 'low pressure' regime. At 1% NZHQ’
hydrazine pressure is still only 1 cm Hg, thus the slight effect of
hydrazine concentration.)

In the light of the information presented by Bradley (35)
'low pressure' behavior with nitrogen as the 'third body' seems to
be the most likely process occurring in the flow reactor.

Similar considerations hold for the decomposition of UDMH
and monomethylhydrazine.

Termination reactions are reactions of the type

A+B ———p AB

A general, second order termination rezaction may be written

(1) A+ B ——3 AB*
(2) AB* + X ——> AB + X
(3) AB* —» A+B

Again, one may visualize 4 high pressure and a low pressure limit.

In
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the high pressure regime, deactivation by collision is so rapid that
reaction 3 becomes unimportant, whereas ir the low pressure limit de-
activation by collision is no longer a rapid process, and reaction 2
becomes unimportant. It should also be noted that heteropolar mole-

cules can undergo deactivation by radiation, 1i.e,

AB¥ ——» AB + h
However, such deactivation is likely to be important only at low pres-
sures, since radiation transition times are generally long compared
with time between collisions, even at moderate pressures.

It appears that transition from 'low pressure' to 'high
pressure' behavior for recombination reactions occurs at much lower
pressures than for initiation, or dissociation reactions. Thus,
Kistiakowsky an¢ Roberts (38) have measured the high pressure rate

constant for the reaction
%*
CH3 + CH3 —> CZH6

* *
C2H6 + X = CZH6 + X

and found its value to be
13
k = 3.7 x 107" cc/mole-sec

at 440°K. They found this rate to decrease with pressure below 10 mm.
Compare this finding with the results of Gray and Lee (34) who found
hydrazine decomposition to be second order at pressures as high as

10 cm.

However, it is not difficult to find an explanation for this
difference., A deactivation collision merely requires a molecule, which
has a very high probability of being close to the ground state, to be
able to receive from AB* enough energy to deaccivate AB* to AB. 1In
the case of dissociation, the third body, X, wmust not culy be able to
transmit its energy to the reacting molecule, but it must also have the
necessary energy in the first place. Since mcst molecules are generally
close to the ground state, the requirements for an activating collision
are consequently much more severe than for a deactivating collision.
Indeed, it seems likely that whereas deactivation of an excited molecule
can take place in a few collisions, many collisions are necessary to
provide a molecule with its dissociation energy.

Because of the similarity between CH., recombination and the

3
reaction

NH2 + NH2-——%> N2H4

. .
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it is reasonsble to assume thai the rate constant for this reaction

Ninrs

i ‘ will also be approximately 1013 cc/mole-sec.

Propagation reactions are reactions of the type
. AA+ B —3 AB+A

b : where A and B are free radicals, AA 1s a reactant molecule, and

AB is a product molecule. Again, the reaction proceeds in steps.

(1) AA + B —» AAB*
(2) AAB* —» A + AB

} (3) AAB* —> AA + B

This sequence may be visualized as follows: reaction 1

3 can occur if AA and B possess sufficient kinetic energy between them to
1 overcome the coulombic repulsion. According to Eyring (39) such energy

] is about 8 kcal/mole. Once AAB is formed, the energy of the bond AB

is released to the 'activated complex'. If reaction 2 is exothermic,
then the activation energy of the overall reaction could be just 8

kcal/mole. If, on the other hand, reaction 2 is endothermic, then the’

activation energy of the overall reaction should be that required to

overcome the coulombic repulsion plus the difference between the bond
energies AA and AB (39). However, this model must be used with great
caution, as it has been demonstrated (40) that such thermodynamic con-

siderations alone cannot always account for the magnitude of activation

energies.

It may be worth remarking that the product molecules can be
formed in states which are vibrationally or electronically excited.

Thus it is possible to have a reaction

*
N2H4 + NHZ-——4> NH3 + N2H3

where the N2H3 radical is formed in an excited state.
Branching reactions are reactions in which a radical can re-

{ act, in a single step, to form two or more radicals, thereby continuing

1 the chain, and starting a new one (41). This can occur by simple, uni-

molecular decomposition of a radical, like

23 2

‘ N H, * ———3 NH_ + NH : 1
or in a bimolecular decomposition, like

% %
N2H3 + X% ——> NH % + X

*
N2H3 — NHZ + NH
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or the branching reaction may result from the interaction of a free

radical and a reactant molecule, like

NH + N2H4 ——nlpe NH2 + N2H3

Another possibility was suggested by Ramsay (14) for hydrazine

decomposition, namely:

*
(1) NJH, + NH, ———3 NH, + NH,
*
*
(2) NH* + X ———F NH, + X
 ——
(3) NH, NH, + NH

It is seen that in this case even an inert third body can
play a role in determining the rate of the branching reaction.

In the above discussion, a brief review of the elementary re-
actions of chain processes was presented, and is to serve as background
for postulating reaction mechanisms. For a thorough discussion of chain
reactions reference is made to Semenoff (42), and to the works cited

above.

D. The Steady State Approximation

In analyzing chain mechanisms in the past, it has been customary

to resort to the stationary state hypothesis, which states (43) that
after a brief initial period, the concentration of activated molecules
reaches a state where the concentration of active species is independent
of time, except in so far as the concentrations of reactant and product
molecules depend on time. The validity of this hypothesis will now be
examirned. Three regimes will be considered.
Moderate temperature with a large amount of branching.
B. Very high temperatures.
C. Low to moderate temperature with either no branching at
all, or a small amount of branching.
Reference is made to the Christiansen-Kramers expression for

reaction rate (43)

2

- dn = kl n

where ©L is the number of active particles produced when an active
particle collides with an ordinary molecule. Chain branching reactions

correspond to ¢ » | . If ( Xy

T)" A, | the denominator can ap-
3
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proach zero, or even become negative, The former case implies a very
rapid reaction whereas the latter merely means that the steady state
hypothesis is invalid. However, it was assumed in the derivation of A

the Christiansen-Kramers expression (43) that deactivation of active [

particles proceeds through collisions with reactant molecules. Gen- .
- 3
i erally, recombination reactions involve two, rather than one active 4
: particle. Thus one may write
(0) 77— m+A
i (1) n+ A ——3 o+ A F
: (2) A+A ——3 aa
;.
¢ (3) _dA_ =(e -1k nA+ kn - kA
i at 1 o 2 }
£ (4) dn = -k o A ~kn= - n(, A+k) {
s dt (o) 1 o
s ]
z It is clear that as reaction proceeds, the value of n de-
% creases monotonically, and shortly after A reaches its peak concen-
; tration i.e. when dA = 0, the first two right hand terms in
[ ' dt |
g Equation 3 will decrease below the value of the third term, and dA 1
; : dt
! will become negative. }
r .
g Now, ccnsider the case when the temperature is moderate, but :
5 |
g there is a large amount of branching. Since initiation reactions gen- :
g erally have a very high activation energy, it is likely that k0 will 1
% be small. The rate equations may then be written as follows:
4 dA = (et - 1) k1 nA - k2 A
: % dt
) %
’ : dn = - kl n A
dt
: A . The first of these equations may be re-written as
r szz_ -1)k, nA+_dA =0 [
~s 1 ] dt !
< { The steady state hypothesis requires that it be permissible r
to approximate the above as f; 2
3 2 ‘
] k2 A = (O 1) kln A B
A = ; :

(¢ - 1) kllkz) n
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1 and &, are very large, then

A Ay (et Dk n A
dt

in the initial phase of reaction. Since, k. is large, dn/

-

dt is
also large, and by the time dA/dt approaches zero, a significant

amount of reactant has already been consumed.
of A is now so high that

phase of the reaction

Also, the concentration
- dn/dt 1is very large, and in the second

dd ., -k A
de ™~ 2

Since n has decreased very rapidly.

Thus it is seen that in the case of a rapid branching reaction

the steady state hypothesis may not be applied, even though the reaction

rate always remeins finite. Semenoff (44) has given the term "degenerate

branching" to the case discussed.
At high temperatures without branching the situation is very
similar, only there the initiation reaction plays the dominant role.
By a process of elimination it is seen that the steady state
hypothesis can only apply to cases where the amount of branching is

small, and where the initiation reaction is slow compared with the

propagation reactions. 1In such a case the concentration level of free

radicals will be low, and will be reached before a significant amount
of reactant has been used up.

For such a case

dA = k (X -1) A - kA +kn
— A

§n= - n(ko+k1A) I~ n k, A
t

If an expression for A can be obtained, it is then possible to obtain
an explicit expression for the reaction rate., Solution of the first
equation for A yields

A2 - (K (- 1)tk

) n - 1 _dA

k k dt
2 2
R
kl (oL~ 1) +k
A = °Hym - _1  _da
k2 k2 dt

In essence, the steady state approximation assumes the second term in

ol
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the expression on the previous page t? be small compared with the first.
This requirement is far less stringenf than the requirement than
dA/dt = 0. If it is satisfied, then

A =ln ¥ € -1 +k I3
ks
/
and (.f
- %
dn = -k 3/2 k(X 1) +k
dt K
2

Several limiting cases may now be considered. If there is no branching,

then
3/2
dn = - n k1 ko
dt kz

If, on the other hand, the initiation reaction is unimportant, and
the main free radical supply is by branching, then the expression for

the rate becomes

- 1
- M ko (&- D
dt k2

Note that the reaction rate never becomes infinite because, in the cases
treated, the branching is first order, whereas the termination is second
order. This type of "degenerate" branching was the kind encountered in
the mechanisms postulated for the decomposition of hydrazine and its
derivatives.

In summary, the steady state hypothesis can only be applied
when the '"'steady state" concentrations of free radicals are sufficiently
low that they can be produced without a significant consumption of re-
actant, and when almost all the reactant is consumed by propagation re-
actions. It might be remarked that the implication of the steady state
hypothesis is not that the free radical concentrations stay constant,
but merely that the concentration of active species depends on time
only insofar as the concentration of reactant molecules depends on time.

Thus, the steady state approximation merely requires that
t

which is not as stringent as

dt
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Computations on free radical éeghaniams show that the inequality can
be satisfied for some reactions, whereas the equality to zero is never
true for more than an instant.

Another difficulty with applying the steady state hypothesis
is that many mechanisms of practical interest are so complex that an

explicit solution for the reaction rate cannot te obtained without in-

troducing many questionable assumptions.

it
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CHAPTER T

EXPERIMENTAL METHODS USED FOR THE STUDY OF CHEMICAIL KINETICS

Two fundamentally different approaches to the study of
chemical kinetics are known. On one hand there is the study of indi-
vidual free radical, or elementary reactions by such techniques as
electron beam or free molecule beam experiments. On the other hand,
there is the study of overall reactions under different experimental
conditions. The overall rate data obtained may then be used for gain-
ing understanding of the reaction mechanism.

It might be noted that under suitable conditions, this second
approach can be used to study elementary reactions. Thus Szwarc (13)

used a flow reactor to study the reaction
NZH.4 + X -—-——-——;-2NH2 + X
In the research conducted by the author, overall reaction
rates were studied, and the rate data thus obtained were used for gain-
ing understanding of reacticn mechanisms. On one hand, empirical ex- ‘
pressions for overall behavior of the reactions studied can be of

practical value. On the other, understanding of the overall mechanisms i g

of reaction was of considerable interest.

o3
e shmdud U

Partly because of the above considerations, the following dis-

Y
i
13

cussion will be restricted to some of the better known overall ap-
proaches to the study of chemical kinetics. These will be discussed
in terms of experiments performed on hydrazine, UDMH or mouomethyl-

hydrazine.

s It is possible to classify kinetics experiments into many

ﬂ ! different categories, depending on the particular properties which are

{ of primary interest.

1.

Thus one may speak about experiments for studying fast re-

L e

actions as compared with those used to study slos reactions. Or ex-

[

periments may be grouped into one class if they all maintain a particular ;

physical property constant. One may speak of isothermal or adiabatic %

]

reactions, and of constant volume or constant pressure processes. Or

experiments may be classified into the ones which involve steep gradients
of temperature and concentration, and the ones where such gradients are
shallow.

Of course, kinetics experiments must also be classified ac-
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cording to whether the reaction takes place in the gas, liquid, or
solid phase, or at an interface. However, gas phase reactions are of
primary interest in this study, and reactions in other media will only
be discussed insofar as they throw light on gas phase reactions, or if
consideration of such reactions is necessary to understand a reaction
which is believed to take place in the gas phase.

In the following discussion no particular attempt to classify
the different experiments into a few large groupings has been made.
However, their similarities will become apparent from the discussion.
Flash photolysis and ignition limits experiments are discussed. This
is followed by a discussion of shock wave experiments and laminar flame
studies. Then isothermal bombs and isothermal flow reactors are dis-
cussed. Finally, a brief treatment of surface reactions is presented.
The inclusion of surface reactions is due to the important role that
container walls may play in studies of gas phase reactions. The

Princeton adiabatic flow reactor is discussed in a separate section.

A. Flash Photolysis

Two types of photolysis are possible. The substance of

interest may be exposed to radiation in a narrow frequency range, designed

to break a specific bond, or the speci: under consideration may be
subjected to white light continuum radiation. The latter method is used
in flash photolysis. In flash photolysis, low pressure gas in a
transparent container is exposed to radiation from an electric dis-
charge having a duration of the order of a millisecond. Subsidiary
flashes may then be put through the photolysis tube timed at various
short intervals. The absorption spectrum of these subsidiary flashes
may then be analysed for bands characteristic of free radicals.

One difficulty with the method is that quite high temperatures
may be reached, and the phenomena occurring are often difficult to
interpret (45). Another difficulty encountered if flash photolysis
results are to be used for the interpretation of thermal reactions, is
the presence and reaction of electronically excited species (46).

It is of course possible to combine the flash photolysis ap-
proach described above with chemical analysis of reaction products, or
with some other measure of the reaction rate, such as might be obtained
from the pressure rise in the container.

The latter approach was followed by Ramsey (14). Ramsey (14)
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introduced anhydrous hydrazine at 8 mm pressure into his absorption
tube. The hydrazine vapor was then subjected to flash photolysis.

NHZ bonds in the region- 4500-7500 Ao, and NH bonds near 3600 A° were
observed, and the pressure in the system after photolysis was approx-
imately doubled. An infrared spectrum of the products in the region
2-15 microns indicated that 80% of the hydrazine had decomposed. The
ammonia and hydrazine were condensed with liquid air, and the residual
gas was shown by mass spectrometer analysis to consist of hydrogen and

nitrogen in the ratio Hlez = 1.5.

Ramsey (14) further found that if an excess of helium
(100 mm) were added to the hydrazine (8 mm), and the mixture was

subjected to photolysis, no NH, and NH spectra were observed, and no

2
appreciable decomposition of hydrazine took place.

Ramsey postulates the following reactions

N2H4+W—>NH2+NH2

N2H4 + NHZ——>-NH3 + NZ

N2H3 A NH2 + NH

and suggests that the decrease in the overall reaction and the reduction
in the intensity of the NH and NH

H
3

9 absorption spectra by addition of

small amounts of helium may be due to stabilization of the N2H3 radical
by collision.

It is interesting to note that Gunning (47) found the
N2H3 radical to be quite stable at room temperature. This observation
suggests the possibility that the N2H3 radical is formed in a vibra-
tionally excited state, from which it may either decompose or become
deactivated by collision.

In the later discussion, it will be seen that results ob-
tained in the Princeton adiabatic flow reactor do not contradict

Ramsey's hypothesis.

B. Ignition Limits Experiments

According to the theory of thermal explosion, an explosion
ocecurs when the amount of heat déveloped by chemical reaction exceeds
the héat which can be transferred out through the walls of the vessel.
Frank-Kamenetski (48) developed the heat balance equations for the
case of pure conduction. He found that explosion occurs if a non-

dimensional parameter é; exceeds a certain maximum value, whére
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The maximum value for é; is calculated theoretically by Frank-
Kamenetski (48) andis found to be 2.0 for a cylindrical vessel and 3.32
for a spherical vessel.

Gray and Spencer (49) used the Frank-Kamenetski theory to
interpret the results of their ignition experiments. Gray and Spencer
determined the critical pressure limits of spontaneous ignition by
measuring the total pressure of reaction mixture necessary for ignition
on admission to a hot vessel at a given temperature.

The theory was developed for heat conduction from the gas
to a cold wall, whereas heal is transferred from a hot wall to the cool
gas in the Gray and Spencer ¢ ‘periments. In this case it would seem
that ignition occurs if heat generation in the gas layer next to the
wall exceeds the rate at which heat can be conducted into the interior
cool gas. However, this process is very similar to what is assumed in'
the Frank-Kamenetski theory. Also, the fundamental physical parameters,
except the radius, are the same. Thus it is not surprising that the
Frank-Kamenetski theory does correlate the results of ignition limits
experiments of the kind conducted by Gray and Spencer. The value of

d? , however, must not be expected to be that calculated theoret-
ically.

Obviously, ignition limits experiments only have meaning for
gas phase reactions insofar as catalytic initiation of the wall sur-
face is unimportant.

The Frank-Kamenetski expression may be re-written as

S (JARE)”P ey

But C = ‘n/V , and for an ideal gas

PV = MRT and C, = Pi

1 RT

It follows that for a first order reaction, one may write

’l"(% " +’Z"(Qrze)

If the second term on the right had is assumed to be approximately con-
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stant, then an activation energy may be obtained by plotting

Jaﬂ-(Pi/T3) versus 1/T. For UDMH decomposition, Gray and Spencer
found the activation emergy to be 28 + 1 kcal/mole.

C. The Laminar Flame

The laminar flame is a steep gradient device, it is isobaric,
and may be used to study reactions generally classed as being rapid.

The laminar flame has been studied extensively. It can
be used for kinetics purposes in two ways, namely it may be observed
spectroscopically to yield information on the free radicals taking
part in the reaction, and it can be made to yield an "activation
energy" of the chemical reaction.

Spectroscopic studies cf laminar flames will be discussed
first. Hall and Wolfhard (12) studied hydrazine decomposition flames
at subatmospheric pressures. Spectroscopic work by these authors in-

dicates strong emission of "ammonia alpha bands'" attributed to NHZ

radicals, and weaker emission at 3360 angstroms attributed to NH radicals.

The pure deccmposition flames are yellow-brown in color and of low
luminosity! there is an after glow of the same color but with lower in-
tensity.

It is seen that both NH, and NH radicals play a role in hy-

2

drazine decomposition, and that the NH, radicals are the more abundant

2
ones.

Further usefulness c¢f the laminar flame for kinetics pur-
poses stems from the fact that the flame speed, and its variation with
flame temperature, may be used to deduce an activation energy.

The flame speed is affected by the chemical heat release of
the reaction, the heat capacity of the mixture, the conduction and dif-
fusion of heat, diffusion of active species, and possibly the back dif-
fusion of products. Thus the processes which determine the laminar flame
speed are many and complex.

If both the reaction mechanism and the transport properties
are known with reasonable certainty, this information may be used to
predict temperature and concentration profiles, and ultimately the
laminar flamé speed. Information obtained in the Princeton study of
hydrazine may be useful for a detailed numerical analysis of hydrazine
flames. .

The other two approaches to analysis of laminar flames,
which will be briefly discusséd in what follows, are the simple thermal
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theory and Van Tiggelen's active particle diffusion theory. Use of
these theories to interpret hydrazine flame speed data will also by
discussed.

In the simple thermal theory of flame propagation the follow-
ing assumptions are made: (1) the flame is one-dimensional, (2) it is
steady with respect to time, (3) velocity gradients may be neglected,
hence viscosity terms in the momentum equation may be-ignored, (5) the
effect of gravitational and other similar fields may be ignored, (6)
the loss of energy by radiation is negligible, (7) the hot bouadary for
the flame reaction zone is assumed to be the :ondition of thermodynamic
equilibrium at the adiabatic flame temperature, (8) the reaction rate
is described by

w=A exp fi%—

(9) diffusion is important only as it affects the energy balance, (10)
specific heat and thermal conductivity are constant throughout the re-
action zone, (11) the thermal diffusivity is equal to the molecular dif-
fusivity, (12) the total number of molecules is constant.

1f it is further assumed that the flame can be split into
a preheat zone in which no chemical reaction occurs, and a reaction
zone in which the net energy loss due to mass transfer may be neglected
in comparison with the chemical reaction and heat conduction terms,

the following expression for the flame speed may be derived:

T

u=_k 1 o
pCp T, T, j‘_%p_%a_c__ dT

T,

where k is thermal conductivity

is heat capacity

is density
=w = A exp |E 1
RT
heat release due to reaction

Y

inflection point temperature
méan flame temperature
initial temperature

= final temperature

ol ' o

Ml b 01 0




Setting 'Tm = '1‘f
Ti = To

the following expression is obtained

u= _k

fco

1 20Qet dT
. T k

The above development is derived in detail in Emmons (50).

Adams and Stocks (8) use an integrated version of the above

expression, i.e.

s = A . ®T:2)? \ -E

2
1 r ] B exp
Po E(Th, - T) RT

where )\ is thermal conductivity

L is the heat of reaction

f% is the initial density of the vapor.

1f the assumption is made that the determining process in

flame propagation is heat transfer, then it is permissible to deduce

an overall activation energy for the chemical reaction from flame speed
measurements, If, however, diffusion of active species is the dominant
process, the situation is far more complex, and one can no longer expect

an activation energy deduced from laminar flame studies to be applicable

to thé chémical reaction under other ‘experimental conditions.

Let us proceed to consider some hydrazine flame experiments

which were analyzed on the basis of the simple thermal theory.

Murray and Hall (7) measured flame speeds in hydrazine, and

in hydrazine-watér mixtures.

They also analyzed the reaction products,

and found that these pointed to a reaction

N2H4 — NH3 + %Nz + %HZ

Adams and Stocks (8)Ame33uréd the rate of burning of hydrazine-~

water mixtures in ¢éapillary tubes in a nitrogen atmosphere, and prepared

an Arrhenius plot of the data of Murray and Hall (7) and Adams and

Stocks. The slope of their curve giveés the apparent activation energy

of the reaction which decreases with decreasing -temperature from 45
kéal/mole at 1950°K to some 30 kcal/mole at 1400°K.

Gray, Lee, Leach and Taylor (9) used two experimental methods
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for the study of hydrazine decomposition. 1In one case, gaseous hydrazine

was introduced into a squat glass cylinder 20 cm diam., 20 cm depth,

which contained two tungsten electrodes at the center. As the flame
travels to the walls, the pressure rises, and both the burned and un-
burned gases are compressed. As a result, the movement of the flame
depends on both the burning rate and the gas flow. However, during the
initial phase of the combustion, the increase in pressure is small, and
the linear speed of the flame, SL, is very close to the speed relative
to the burned gas, SD. Even when the radius of the flame sphere is
0.3 times the radius of the vessel, the pressure has risen only 3% and
S = .98 SD' The pressure range which can be studied in a glass vessel
extends from very low values up to about 10 cm Hg.

The second method used by Gray and Lee (9) involved the
burning of liquid hydrazine in narrow tubes, in a pressure range between
10 cm Hg and 76 cm Hg. The products from the decomposition flame of
liquid hydrazine were unaffected by changes in pressure, and corresponded

closely to the equation:

N2H4 = NH, + %N_ + iH

3 2 2
However, Gray and Lee (9) did find a small decrease in flame speed at
pressures below 5 cm Hg., This they attribute to their method of measure-
ment.
In the thermal theory at laminar flame propagation the flame
speed varies with pressure as

S ~nvP (n;?‘)

where -n is the overall order of the chemical reaction. Thus the pres-
sure independence of flame speed observed by Gray and Lee indicates a
second order reaction for hydrazine decomposition.

Using Semenoff flame theory, Gray and Lee (9) found an acti-
vation energy of 36 kcal/mole.

Giloert (33) found in the literature that below on: atmosphere,
the normal flame speed was independent of pressure while at higher pres=-
sures it is inversely proportional to the square root of pressure, in-
dicating an overall first order reaction at higher preésures. )

The other approach to a chemical interpretation of laminar
flame data is by way of VanTiggelen's active particle diffusion theory.
VanTiggelen (51) states that the flame propagates bécause

3
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active particles diffuse upsteam where they engage in propagation,
Apparently, the initiation re-

branching, and termination reactions.

actions take place in the very hot downstream part of the flame.

The equation of Smoluchowsky gives the total number of col-
when a particle diffuses over a given linear distauce

lisions Z
. 2, 2
d: oz = 3 d°/4A
Then, VanTiggelen (51) goes on to say that in order to compensate all

losses, each chain carrier has to diffuse over a distance d, such

that branching occurs once. Then
2
z, (v-g)= 1= 37d" (v-£)/4 )\

For a normal flame front, the flame speed V is equal to d/t, thus

V= CVW/: )(v-8)
where
c = V'g RT/mM
and
v, = VI/T c

it follows that

V=T V(z R/3MT) V-4 )

where M is the mean molecular weight of chain carriers.
According to VanTiggelan (51), this relation is the basic ex~

pression of burning velocity. WNext, VanTiggelen goes on to neglect

beta, and to write -/ in terms of an Arrhenius expression. Then:

o 2|/ RRIMT CAT T8I %es

)
vhere A and B are reacting species.

One may question VanTiggelen's assumption that chain branch-

ing species are the only ones whose diffusion is important. Surely, it

is possible for laminar flames to propagate in mixtures which react in
}.

a straight (non-branching) manner. Thus it seems that the interpreta- 1

tion of ‘activation energy' measured in laminar flames still is not quite

clear.
VanTiggelen and De Jaegere (11) measured flame speeds in

premixed laminar flames of hydrazine and inert, ani also in hydrazine,
In keeping with VanTiggelen's theory, they found
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inert, and oxidizer,
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that their results on hydrazine flames could be correlated by the ex-

pression

= £ l/rmexp (&%)

where T 1is the proper mean flame temperature, and £(%) is the initial

mole fraction of hydrazine.

VanTiggelen and De Jaegere (11) found an apparent activation
energy of 28 kcal/mole. They also found that this activation energy
did not change whether they had to do with a decomposition flame or a
combustion flame, and that in the case of the combustion flames it was
independent of the nature of the oxidant.

In summary, the following information about hydrazine de~
composition has been obtained from laminar flame speed measurements.

From spectroscopic observation of flames, one may conclude
that the radicals NH2 and NH are present.

The stoichiometry of hydrazine decomposition follows the
path.

2N2H4~—ap2NH3 + Nz + Hz

The adiabatic flame temperature in this case is 166000 (7).

The following activation energies for hydrazine decomposition
have been deduced from flame speed measurements: On the basis of the
data of Murray and Hall (7) and Adams and Stocks (8), Adams and Stocks
found a curve which decreased with decreasing temperature from 45
kcal/mole at 1950°K to 30 kcal/mole at 1400°K. Gray, Lee, Leach, and
Taylor (9) report an activation energy of 36 kcal/mole, and VanTiggelen
and De Jaegere (11) report 28 kcal/mole.

The last authors used VanTiggelen flame theory, and interpret
their activation energy as pertaining to a branching reaction important
in hydrazine decomposition.

The other flame experiments were interpreted on the basis of
thermal theory, thus giving an “overal." activation energy of the re-
action.

; However, it should bte noted that the relations between acti-
vation energy and flame speed given by the two theories are both of the
form.

w = KF(TC) Vexp (:R!f)
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where £ 1is a relatively weak function of temperature and concentra-

tion. Thus the difference of the thermal theory approach and the dif-

i fusion theory approach does not really lie in how activation energy is
related to flame speed, but rather in how the activation energy deduced
from flame speed measurements should be related to the mechanism of the

chemical reaction.

Since the interpretation of flame speed measurements is un-
certain because of the importance of diffusion in flames, a way to re~-
solve the difficulty would be to study the chemical reaction under con-

: ditions where diffusion is not important. This is one of the thoughts
which lead to the construction of the Princeton adiabatic flow reactor
in which heat transfer toc the unreacted gas and back diffusion of active

species are rendered negligible.

D. Shock Tube Studies

Shock tubes have been used extensively for the study of
chemical kinetics, One reason for their usefulness in kinetics studies
is that changes in physical properties through the shock are so rapid
that chemical reactions can be safely assumed not to take place until
after the shock front. Thus Hornig (53) describes the shock front as g
acting as "a 'switch' by which the temperature, pressure, density, and ]
flow velocity can be changed instantaneously." Of course, the thick- f
ness of shock waves is finite, and it would be worthwhile to inquire into
typical values of shock front thickness, and number of ccllisions in

the shock wave. Greene and Hornig (53) studied the shape and thickness

of shock fronts in argon, hydrogen, nitrogen, and oxygen. They found

that the number of collisions through the shock front is generally
less than 30, and that the shock wave thickness is generally less
than 0.002 mm. The Mach number range of the investigation was ap-

proximately 1.1 to 2.1. Tha pressure was approximately an atmos here.
Thusg, the number of collisions throagh the shock wave is

Aif» very small compared with the pre-~exponential factors in most chemical
reactions.

A;;% ) For the case of no chemical reaction, the overall process in

' a shock wave may be thought of as occurring in two stages, i.e. (a) an

initial compression in the shock front during which no internal dagrees

of freedom are excited, and (b) a subsequent relaxation during which

the density changes from that characteristic of the unrelaxed state to

that of the completely equilibrated state (53)¢
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For a gas at atmospheric pressure and 300°K, Hornig (52)
finds that the iuitial compression occurs in about 10 collisions or
about 10"9 seconds. He also finds that at least at low temperatures,
rotational equilibration takes place in about 10 collisions, exc.ept
in hydrogen where it takes about 350 collisione. Thus the initial
compression and rotational relaxation tzkes place in times measured
in millimicroseconds. Chemical reaction rates which are of interest

in propulsion have transient response times measured in microseconds,

and overall reaction times measured in milligeconds. Thus it is per-
§ fectly justifiable to consider the initial compression and the rotation-
al relaxation to be instantaneous. However, vibrational relaxation
may -not be dispensed with so easily. Kantrowitz (54) measured vibration-

al relavation in CO, at temperatures close to 100°F and at pressures

2
close to atmospheric. He found relaxation times to be in the order of
3 microseconds, and requiring somewhat above 30,000 collisions. There
is thus the possibility that initially the chemical reaction is taking

place in a gas whose internal degrees of freedom are not fully relaxed.

FE——— W TR S TN TR

Jost (15) studied hydrazine decomposition in a shock tube.

He spectroscoptically measured the decay of hydrazine concentration be~

P o« TN
iy

hind the shock front. Jost (15) presents an Arrhenius plot of the

! ! half«lives of the reaction. From this he deduces an activation energy

of 43 kcalf/mole. Jost's plot of half life vs. 1/T is reproduced in

AN we

Figure 2.

LR

One of the limitations of the shock tube is that it can only
be used to study relatively rapid reactions, This is because the time
during which the stagnant region behind the reflected shock is undis-

F turbed is relatively short. At higher temperatures the useful time
is also short because for long times heat losses become important, and
conditions in the stagnant region are no longer uniform, making it dif-

ficult to interpret the results.

E. Isothermal Bombs

Whereas shock tubes are most useful for studying rapid re-

actions, isothermal bombs are best adapted to the study of slow re-

actions.
Isothermal bomb experiments are among the oldest techniques
employed in the study of chemical kinetics. The reactants are placed

in a bomb which is immersed in a constant temperature bath, and the
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progress of reaction is measured either by the rate of change of
pressure at constant volume, or by the rate of change of volume at
constant pressure. As will be evident shortly, the rate of heat
release due to chamical reaction must be quite small in an isothermal

bomb, The temperature equations for the bomb are shown below, Heat

release duée to chemical reaction:

(SI EHEM (7%_)[(:) Be ke o

Heat loss by conduction:

($F )= )07 @

Overall equation:

(—é’,—}) - (,ac,,)[c] Be AT -r(_,5F viT @

Steady state equation:

VAT + Q)] Be T 0 @

where
T is the temperature in degrees
is time
AH is the enthalpy of reaction, in calories per
gm.-mole-degree
C is the heat capacity at constant pressure in calories
P per gm,-mole-degree
P is the density in moles per liter
[cl is the concentration in gm.-mole per liter

ST the temperature coefficient of the chemical reaction
[f-j 5.‘/“ is the chemical reaction rate as represented by a

simple Arrhenius type expression

k is the effective thermal conductivity of the substance
in the bomb

If the uniform temperature assumption is to be valid, it
is necessary that ‘72'T="~C> in the bomb. It then follows from
Equation (4) that the following must hold:
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(%H') [c’]h B e~ 0 (5)

For reactions which are of interest in propulsion AH is
large. It follows that optimum conditions for an isothermal bomb
experiment involve minimum concentration of reactant, maximum con-
ductivity of the reacting mixture, and usually low temperature,
Ideally, a mixture composed of a small amount of reactant in an
inert of high conductivity, such as helium, should be studied at a
low temperature. Of course, it may be quite possible to achieve
§7‘1=uo by merely making one or two of the terms in Equation (5)
small,

A different way of achieving an almost constant temperature
is to use a bomb of very small diameter, in which case even a
moderately large temperature gradient will only give a small overall
temperature variation,

The differential equation of heat conduction in an infinitely
long cylinder with heat generation by first order chemical reaction
was solved by Nichols and Presson (55). Some of the results of these
authors are reproduced in the following. Figure 3 shows the temper-
ature distribution as a function of the radius at various time
intervals during the reaction., A 2" diameter solid was studied.

Though Presson's calculations were made for a cylinderical
solid, his results are perfectly valid for a gas in a long cylinder,
provided heat transfer is by conduction,

Of course it may be argued that in the gas phase, or liquid
phase "isothermal" bomb, heat transfer is not only by conduction, but
by convection as well, and that consequently the temperature profiles
in the bomb will be different, and smoother, than those calculated
by Presson., However, the purpose of this discussion is not to
present an exhaustive study of isothermal bombs, but merely to review
their principle and general problems. So, this condition will not
be treated.

Thomas (16) measured the decomposition reaction rate of
hydrazine by measuring the rise of pressure in a constant volume bomb,

into which small quantities of liquid hydrazine had initially been
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introduced. The whole bomb was immersed in a constant temperature
bath,

One of the difficulties with this apparatus was that the
time required to reach temperature equilibrium in the bomb was of the
same order of magnitude as the reaction time., But if uniform
temperature conditions are to be maintained, it is necessary that
the process of temperature equalization by conduction-convection be
much more rapid than any temperature rise produced by chemical reaction.
Since this condition was not satisfied in Thomas's experiment, the
temperature in his bomb was probably not uniform,

Thomas (16) introduced some liquid hydrazine into his bomb
which was then closed and placed in a constant temperature bath. Then
the pressure in the bomb was measured as a function of time, Thomas
varied the amount of liquid charged to his bomb from 8 ml, to 28 ml.
«The total bomb volume was 36 ml,) For all cases he measured the
rate of pressure rise at 500 psi, and found that there was no deviationm
in this rate due to changes in volume of the initial liquid charge.
This shows that the decomposition does not proceed in the liquid
phase, for if it did, the rate of pressure rise would be a function
of the liquid volume. But let us note that when the amount of liquid
intorduced into the cylindrical bomb is varied the area of the liquid-
vapor interface remains constant so that a reaction whose rate is
controlled by a vaporization step would .iso behave in the manner
observed by Thomas.

Now, let us proceed to consider an isothermal constant
pressure experiment on hydrazine decomposition, Such an experiment
was performed by Lucien (17).

Lucien (17) studied the isothermal, constant pressure de-
composition of hydrazine andf hydrazine-ammonia mixtures. His ap- 2
paratus consisted of a J tube immersed in a constant temperature 7
bath. The bottom of the J was filled with mercury. The upper part
of the short leg was the reaction chamber and in the long leg a

constant nitrogen pressure was maintained above the mercury column.

Lucien used J tubes of very small diameters (his I,D,'s
were 3.00, 5,00, 5.56 and 7.00 mm.) Also, he allowed longer time

for thermal equilibrium to be established than did Thomas. Generally,
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his reaction times were in tens of minutes for a vessel of larger

diameter. Consequently, the uniform temperature assumption in Lucien's E

(17) experiment is likely to be much better than in the constant volume :
bomb experiment performed by Thomas. 7

In the Lucien (17) experiment, liquid reactant was intro-

1 e

duced above the mercury in the short leg of the J. As reaction pro-

ceeded, a vapor space was formed above the liquid. The progress of

reaction was then measured by observiung the change in height of the ]

: mercury column. According to Lucien, the initial gas space is formed
§ by the vaporization of hydrazine and ammonia. Iucien (17) found that,
after an initial changing part, the total reaction rate remained

constant with time. With the progress of time, the vapor space above

the liquid increased. ILucien assumed that the partial pressure of

[ R

hydrazine in the gas phase was equal to its vapor pressure. At - {
constant temperature and constant partial pressure of reactant the
rate of change of volume per unit volume should be constant, Con-
sequently, the total observed rate should increase as the volume of
the gas space increased. Since such an increase was not observed, [

it is reasonable to conclude that the rate determining step of the

adle

reaction does not take place in the gas phase.
But Lucien went further to say that the reaction must take .
place in the liquid phase. Let us note that this conclusion is con-

: tradicted by the experiment of Thomas (16) who found that the reaction

could not take place in the liquid phase. Also, another experimental
observation by Lucien (17) serves to contradict his conclusion about

liquid phase reaction. Lucien found that the rate of decomposition

T AT TS D8 0

was inversely related to pressure, and increased very rapidly as the
difference between the confining pressure, and the vapor pressure of

hydrazine decreased. z

G e e v

If we have a reaction like:

N2H4 (1iq.)-:- NH3 (gas) + Hz(g) + Nz(g) + heat
only the backward reaction will be pressure dependent. However, at
the temperatures and pressures of the experiment, the free energy
- change of decomposition of hydrazine is quite large, and therefore,
-;érié the equilibrium of the above reaction is strongly to the right,

We must counclude that under the conditions in Lucien's
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experiment, the net rate of hydrazine decomposition will be almost equal
to the forward rate of the above reaction, But, at least for moderate

pressure differences, liquid phase reactions do not depend on pressure. , j
N ) Thus, the pressure dependence observed certainly cannot be due to a

liquid phase reaction,
B Suppose that the reaction takes place in the vapor phase, ;

o

but that the slowest step is evaporation., The evaporation rate will

(as found) depend inversely on the difference between the confining

TR

pressure and the vapor pressure of hydrazine.

Note that Lucien's vaporization takes place at a temperature
above the normal boiling temperature of hydrazine, Under these

conditions it is not unlikely that one gets a reaction of the kind:

O S 1 o e o S PO Rty

N284 (liq.) s.._>2NH2 (gas)

The activation energy for such a reaction would be

: +
Etotal Hevap. Ebond rupture
As shown by Penner (58) vaporization may be treated as a
rate process. The heat of vaporization of hydrazine is 9.6 kcal/mole. i

Szwarc (13) reports that the energy of the N-N bond in hydrazine is

L A0 g 0

60 kcal/mole. E total would then be 69.6 kcal/mole which is

G,

remarkably close to a value of 72 kcal/mole found by Lucien (17).

i 3 il

Another feature about the proposed reaction step is that

it would exhibit the kind of pressure dependence observed by Lucien.

Consider the vaporization process in the following manner.
If there is vaporization into a vacuum, then
1 NZHA (1iq.)—+N2H4 (gas)-—-—-—-—-—)ZNH2 (gas) (1)

- If, on the other hand, there is a gas above the liquid, one

+ O

may also get the reaction

N2H4 (liq,) =———3» NZHX (gas)

*
Nyl (8) + X e——p NoH, () + x* (2)

X*pdissipation X

Reaction (1) would lead to decomposition, whereas reaction (2) would i

L ‘wnemmuummmmmw;w

lead to ordinary vaporization of hydrazine.

il

An increase in the liquid temperature would leéad to an

increase in both redctions (1) and (2), whereas an increase in confining

EREETTEETT
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pressure would lead only to an increase of the fraction of vaporization
proceeding by reaction (2) and thus decrease the production of free
radicals. On the other haw!, a decrease in confining pressure would
decrease the fraction of ves~tion proceeding by mechanism (2). Thus,
a decrease in the confining pressure wouitd increase the rate of produc-
tion of free radicals, and thus the rate of hydrazine decomposition.

ﬁ it follows from the above that the less the confining pres-
sure and the greater the vapor pressure, the more rapid the react‘on.
This is exactly the behavior observed by Lucien (17).

F. 1lsothermal Flow Reactors

The isothermal flow reactor is similar to the isothermal
bomb, in that in both an attempt is made to maintain constant temperature
throughout the fluid in the reactor.

The laminar isothermal reactor has the same problem with re-
spect to radial temperature uniformity as does the isothermal bomb.
. Furthermore, Batten (19) found that cver a range of experimental conditions
in a conventional laboratory flow reactor, the bulk of the gas streams °
through the tubular reactor without diffusing laterally to any appre-
ciable extent. This condition results in a decidedly shorter reaétion
time for reactant passing along the center of the tube, than for ma-
terial flowing near the periphery. Batten (19) goes on to say that
an ceffect of this kind can vitiate completely calculations ¢f contact
time based on an assumption of plug flow.

Despite such difficulties, a discussion of kinetics studies
using such flow reactors appears worthwhile.

Szwarc (13) decomposed hydrazine in a toluene carrier gas in
a silica flow reactor which he assumed to be {sothermal.

The purpose of the toluene carrier gas was to remove NH

2
radicals as soon as they were formed, by the rapid reaction

' CHj
+ NHZ-———¥- + NH3
followed by
CH2
~ —_— DIBENZYL

.-
i
x
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The products leaving the flow reactor were analyzed.
Kiowledge of the composition of reactants and products, and
of the time spent in the reactor, made it possible to calculate the

rate of the reaction,

NZHQ —p 2NH2
A value for the activation energy of the reaction was deduced from
a serles of experiments run at different reactor temperatures.
Swarc concluded that the above reaction 18 a homogeneous,

unimolecular gas reaction, the rate constant being

ko= 4 % 1012 exp P:QQQ%QQ-] sec -1

In Szwarc's experiment, some hydrazine did decompose to yield ammonia,
nitrogen and hydroge.i. Szwarc (13) found that packing cf the reaction
vessel, which increased the surface area about 2% times caused a rough-

ly proportional increase in the hydrazine decomposition reaction. From
this he concluded that in his reactor, the overall reaction {s essentially
a surface reaction.

Szwarc found that toluene is an effective scavenger for NH2

radicals. Therefore, the amount cf hydrazine decggposed into NHZ rad-
icals must be directly related to the amount of dibenzyl formed. Since
the amount of dibenzyl formed was independent of the surface area,
Szwarc concluded that N=-N found bond rupture is a homogeneous, gas phase
reaction.

Gilbert (20) considered Szwarc's reactor to be composed of an
entrance region or volume of no reaction, followed by a practically
isothermal reacting region. Gilbert proceded to analyze the behavior
of first and second order reactions in such a non-isothermal reactor.
From his analysis, Gilbert concluded that Szwarc's data favor a second
order formation of NH2 radicals, rather than a first order formatiom.

For a second order reaction, i.e.

X + NZ“A — ZNH2 + X

Gilbert (20) calculated the rate constant to be approximately.

k = 1019 exp Flégagggl cc/mole-sec.

Cordes (18) used what was essentially an isothermal flow re-
actor to study the rate of decomposition of UDMH. Cordes passed helium
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gas, free of oxygen, through a saturator containing the 1,1 dimethyl-
hydrazine, The saturator was immersed in a constant temperature bath
to ensure a constant rate of evaporation. The saturated stream was
mixed with a stream of pure helium, so that the concentration entering
the reactor could be varied. The reactor was a standard pyrex flow re-
actor of the isothermal type. The temperature of the reactor was con-
trolled manually with a pair of heater coils. Cordes measured the
temperature profile along the reactor, and found it to vary by about 5
degrees K. The residence time in the reactor was found by dividing the
internal volume of the reactor by the flow rate. The negative logarithm
of the fraction of unreacted materidl was then divided by the residence
time to give an empirical first order rate constant.

The products leaving the reactor were analyzed. A mass
spectral analysis showed the presence of methane, ethane and propane
in the ratios 1/0.14/0.002. An infra-red study showed the presence
of ammonia and dimethylamine. Methylene methylamine was also found.
However, the main products were methane and nitrogen with smaller '
amounts of hydrogen. Cordes found the ratio of nitrogen to methane to
be 0.59 + 0.07. Raleigh (57) mentioned that, based on chromatographic
analysis, Aerojet had found the following decompnsition products (mole
per mole of UDMH):

Hz 0.38

Nz 0.67

CH4 1.40

CiHG 0.09

HCN 0.43

NH3 0.23
Nz / CH4 = 0.48

CZHG / CH& = 0,064

What is especially interesting about the Aerojet work is that they
found large quantities of HCN. Cordes (18) had concluded that HCN was
not among the decomposition products, since a chemical test for cyanide
had given a negative result,.

Cordes (18) calculated the following first order rate constant
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~E -1
k = 10’ exp [ RT] sec

f=7.83+0.21
E = 28.68 + 0.68 kcal/mole®K ’

The limits of error are one standard diviation.

Cordes packed his reactor with pyrex rods. The packed re~ 1
actor had a surface/volume ratio of 5.37 cml-1 as compared to 1.43 em
for the unpacked reactor. The data for the packed reactor gave the fol-

lowing results:

= 17.45 + 2.6

E = 28.4 + 8.1 kcal/mole
where the errors listed are the combined contributions of the standard
deviations at the individual temperatures.

Cordes concluded that UDMH decomposition takes place in the
gas phase.

It has been found that the two main objections to the classic
isothermal flow reactors is a non-uniform radial temperature and improper
mixing at the entrance section. An improvement in uniformity could be
achieved if the mixing and heat transfer properties of the fluid in the
reactor could be improved. One way to do this is by going to a highly
rturbulent stream. Furthermore, conditions at the entrance can be markedly
improved if the abrupt entrance section of the classic 'pyrex reactor”
is replaced by a gently diverging conical section, Furthermore, the
heat transfer prcblem could be eliminated altogether if the reactor were
made adiabatic rather than isothermal. These ideas were followed in

the development of the Princeton adiabatic flow reactor.

G. Surface Reacticns

Generally surface reactions have a much lower activation
energy than do homogeneous reactions. As a comsequence of this, re-
action is often more rapid at the surface than in the gas phase. The ]
high speed of many surface reactions is probably due to adsorption at :
the surface, which is a low activation energy process, followed by a ‘
shift of the electron cloud of the reacting molecule which weakens the 2
bonds between its atoms, thus facilitating dissociation of the reactant
molecule, or attack by another molecule,

Of course, not all surfaces are equally active, and it is

worthwhile to look at a few of the factors which play a role in the
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activity of surfaces as catalysts.
In the following, two types of surfaces will be considered,

namely metals and silica, Metals will be treated first.

Eberstein and Glassman (58) correlated the empirical obser-
vations made on metal zatalysis of hydrazine decomposition by Wolfe
(59), and suggested a mechanism by which metal surfaces may exhance
hydrazine decomposition. Part of this development will be reproduced
in what follows.

Recall cthe electronic and molecular structurs of hydrazine
discussed earlier. It was found that each of the two nitrogen atoms
in hydrazine has four electron clouds which are qualitatively similar.
Of these, only three form regular bonds., The electron pair not taken
up in regular bond formation may form asscciation bonds. Such associ-
a~ion bonds may be either with the hydrogen atoms of other hydrazine
molecules, or with atoms of a different substance, such as a metal.
Association of hydrazine molecules with each other to form double
molecules has been reported by Fresenius and Karweil (27).

With the above discussion in mind, look at some elements
whose catalytic activity toward hydrazine is known from experimental
evidence.

Wolfe (59) gives the following metals as those enhancing
the decomposition of hydrazine: Copper, chromium, managanese, nickel,
iron. Metals which do not enhance decomposition are: Cadmium, zinec,
magnesium, aluminum.

A look at the electronic structures of these substances
shows that the non-catalysts either have completely empty d-subshells,
or completely filled ones, whereas the catalysts have incompletely
filled d-subshells, A comparison of the last two subshells of both
catalysts and non-catalysts is shown below

Last Two Subsghells

Non Catalysts Catalysts
zn (30 )2 or (3, (4"
cd (ad)m 5 )2 Mo (3d)5 % )2
6 82 6 ,,°.2
M 2)® @) re (3% &)
2 1 6 2
At @) N (3% )

e 507 (6}
cur (39 47

Wi

all e
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It is known that d-orbitals, if they are not completely oc-

cupied by unshared electron pairs, play an important part in bond for-

mation (60), and it is generally believed that with metals the elec~

tronic configuration, in particular of the d-band, is an index of catalytic
activity (61). 1In this theory it is believed that in the "adsorption"

of the gas on the metal surface, electrons are donated by the gas to the

d-band of the metal, thus filling up the fractional deficiencies or l
holes in the d-band (62).
In hydrazine decomposition, adsorption 1s followed by further b

surface reactions which probably involve the formation and interaction
f . of free radicals.

The following initiation reaction is proposed:

‘ i H H

1f H - & H -&—*-}1 N A !
M e—— ' — 2 N —-—->2NH2 + M

¥ H- N H-N—»NM '
) ) M
H H

Because the N-N bond is weakened in the adsorption process, the activa- 1

F?

{ tion energy for such a reaction would be much lower than the 60 kcal/mole

P o RO

measured by Szwarc (13) for the homogeneous gas phase in'tiation.
1 For inhibition of surface adsorption and reaction on metals

che effectiveness of atoms or molecules as catalyst poisons will de-

pend on their size, and the strength of bonding to the catalyst, and
will therefore depend on geometric and electronic considerations (62).

Molecules containing elements from the periodic table headed by sulphur

and phosphorus were found to act as catalyst poisons, if the potentially !

voisonous substance had free electron pairs, e.g. 1

| O
0:S5:0 H

LI ¥

S e
I

’ _ (62). !

Following the above line of reasoning, a probable poison for

heterogeneous hydrazine decomposition would be ammonia:

T

Lot
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Huother probable poison is aniline

H
-

The large size of the aniline molecule can make this sub-
stance especially effective, since relatively few aniline molecules
could thus deactivate a large area of catalyst surface.

In his work with hydrazine, Szwarc (13) conciuded that heter-
ogeneous hydrazine decomposition on a silica surface does not involve
free radicals. Szwarc reached this important conclusion from the fol-
lowing observation. Though an increase in surface area of silica did
increase the overall rate of decomposition of hydrazine, the rate of
formation of dibenzyl was unaffected. Imsofar as practically ali NHZ’
and presumably other, radicals react with the tcluene carrier to pro-
duce dibenzyl, the above observation implies thatmo free radicals are
produced on the silica surface.

For heterogeneous decomposition of hydrazine on a silica
surface, Szwarc (13) proposes the reactions

nd 3N2H4 —p N2 -+ ANH3

ZNZH4 — Nz + N2 + 2NH3

and surface mechanisms

and
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Kant and McMahon (63) studied the t-ermal decomposition of
hydrazine in a pyrex reaction vessel at total pressures of 10mm - 12emm
of mercury and at temperatures between 270C and 330C. Half-times of
decomposition were 4 to 12 minutes. Under the above conditions, sur-
face decomposition of hydrazine is likely to predominate over gas-
phbase decomposition. The authors concluded that a free radical mechanism
was inconsistent with their experimental results. This supports Szwarc's
(13) assertion that the decomposition of hydrazine on a silica surface
does not proceed by a free radical mechanism.

In view of the above, it must be assumed that NHZ - H and
H - H bonds are formed no later than the breakage of the N -~ H and
N - N bonds shown in Szwarc's mechanism. It is, however, not likely
that some bonds break, and others form at the same instant. It is
much probable that weak association bonds between hydrazine molecules
form first, and that the formation of association bonds is followed by
rupture of the bonds of the hydrazine molecule. If the above argument is ac-
cepted, then the absence of free radicals in hydrazine decomposition on
a silica suriace points to the conclusion that the first step in the '
heterogeneous decomposition on silica involves the association c¢f hy-
drazine molecules on the surface.

Green et al (64) suggest that silica could chemisorb hydro-
gen atoms by means of a loose bond which might be a three-electron

one:

— St = O« H
|

‘ or \SL /

It may well be that hydrazine molecules associate with atoms

of the silica surface and with each other in a way like that shown be-

low X
It
Hz'l)' l‘.‘\ N‘H *
o" / \ “\
“ 'l \\\ \H
-\ VAN
N — N
- -——
H H
S0 5,0
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In cases where surface reactions are undesirable, it may be
possible to inhibit them, by treating the surface with a substance that
associates more readily with the surface then do the reactants.,

Thus Baldwin et al, (65), (66), have studied reactions of
hydrogen-oxygen, and of hydrogen peroxide in beric acid coated vessels.
Though the boric acid does not completely inactivate the surface,
Baldwin et al do claim a significant inhibition effect of boric acid
on the surface reaction. These findings are in agreement with data
of Green et al (64) who in their studies of hydrogen atom recombination
on silica found that washing the surface with acid lowers its activity.

Boric acid cannot be used with hydrazine, since the two
would probably react with each other. However, it is conceivable
that substances like hydrogen of ammonia might inhibit the surface
without appreciably affecting the gas phase reaction.

Since it is likely that hydrazine decompositicn on silica
involves assocciation of hydrazine molecules on the surface, this re-
action may be inhibited by compounds tending to prevent such associa-
tion. It is conceivable that some hydrocarbons may serve this purpose'
by hydrogen bonding with the N atoms in hydrazine. In connection
with this, it should be noted that the energy of the C-H' ‘N hydrogen
bond is 3.28 kcal/mole as compared with only 1.3 kcal/mole for the
N-H'"°N hydrogen bond (67). Some inhibitors, such as butane, hexane,
and heptane (68) may work by the above mechanism., However, it is also

possible that hydrocarbons inhibit gas phase decomposition.

H. The Princeton Adiabatic Flow Reactor

It was seen that rate data for hydrazine are available in
the fast rate regime of shock tubes and laminar flames, and in the
slow rate regime of isothermal bombs, It would be desirable tu ob-
tain rate data in an intermediate regime, since knowledge of rata data
over as great a temperature span as possib.e is needed tc really draw
conclusions about reaction mechanisms. The Princeton adiabatic flow
reactor can be used to obtain rate data in the intermediate rate regime.
Also, this reactor is such that there is essentially no back diffusion
of heat or active species. Thus, results obtained in the adiabatic
flow reactor can be compared with laminar flame results to determine

whether a flame of a particular substance is best described by the

thermal or active particle theory of flame propagation.
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Since no radial heat transfer is desired, radial variations
in temperature may be eliminated. 1If the reactor is operated in the
regime of turbulent flow, then radial velocity profiles will also be
quite flat. Finally, the entrance section can be made to consist of
a gently diverging nozzle, thus eliminating the non-uniform flow prob-
lems which were found to plague isothermal reactors.

It may be argued that turbulent flow introduces problems
of its own. However, it will be shown that turbulence does not
significantly affect the chemical kinetics measuremeuts in the reactor.

The adiabatic flow reactor is operated as follows:

A cool stream of reactant is introduced into and mixed
rapidly with a heated inert gas. By properly adjusting the velocity
of the carrier gas, reaction may be made to commence downstream of
the injection point, and go to completion in the length of the reactor.
Only small quantities of reactant are introduced compared with the mass
flow of carrier gas. Consequently, the change in total concentration
of reactant is small, and the increase in temperature due to the ex-
othermic reaction is also small. Since the zonme in which reaction takes
place can be made quite long, gradients in temperature and concentra-
tion are very slight. Consequently, heat transfer to the unreacted gas,
and back-diffusion of active species are negligible.

The rate data are cbtained by measuring longitudinal temper-
ature profiles. Such profiles are shown in Figures 4 and 5.

Ideally, each element of fluid is adiabatic and microscopic-
ally homogeneous. Thus, the temperature rise is proportional to the

amount of reactant consumed, i.e.

T - Ti = Q X - Xi)

c
p
where X 1is mole fraction of reactant.
Similarly
Tf -T= _Q X - XF)
CP
but the reaction goes to completion, and XF = 0, Thus
X = c2 (T, - T)
and Q
dx = % dT
dt Q dt

T

o i
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For a first oxder reaction
. | dx = 1 dT
X de TF - T dt

Taking account of the relationship between the mole fraction and the
concentration, Crocco, Glassman and Smith (69) developed the following

expression for a first order reaction

k = - 1 dc =('rf/T) 1 dT

C dt TF~T dt

The discussion pertaining to the Princeton adiabatic flow re-
actor consists of three parts. First, the effect of turbulence on the
chemical rate measurements is considered. Then a description of the

experimental apparatus and procedure is presented. This presentation

is followed by a discussion of how the experimental data were analysed.

Ll
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CHAPTER III.

THE EFFECT OF TURBULENCE ON CHEMICAL KINETICS MEASUREMENTS IN THE
ADTABATIC FLOW REACTOR

Ways in which turbulence can affect measurements in the flow
reactor fall into three categories:

(1) Enhancement of longitudinal heat and mass transfer to a
point where the "adiabatic element'" assumption no longer holds.

(2) Temperature fluctuations of such high frequency that
the steady-state kinetics assumption does not apply.

(3) The rate at the mean value of the fluctuating temperature,
which is measured, might be significantly different from the mean of
the fluctuating rate.

To study the importance of longitudinal heat transfer, a
one-dimensional differential element of the flow reactor is treated
as one in which heat diffusion, convective and reactive terms are in
evidence in much the same way as the thermal theory of f{lame propagation
was treated by Zeldovich-Frank-Kamenetski-Semenov except that the
thermal conductivity is replaced by an eddy conductivity. The resulting

expression which is obtained is

Q _ . ar 4T
dx m Cp dx A 2

where

is

pol

m is
A is
X is
€ is

For

is in an adiabatic state.

the rate of energy release per unit time
the mass flow rate

the crossectional area of the reactor tube
the axial direction of flow

the turbulent eddy conductivity

£ —» 0 there is no heat transfer, and the element

temperature gradient, and one may write

aQ . dt
ax - ™ Cp dx ad

Then, the temperature gradient is an adiabatic

SR —— )
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The overall equation then becomes

a1 _dr . Ea b
dx ad dx mCP de
or
dT dT ,
(E?) ad ax L +,5 )
where

" Cp X
An estimate of the eddy conductivity in the three inch flow

reactor was made from the expression

0.8 . 1/3

% = M = 0,023 RelS pr

For an actual experimental run, the following values were calculated:

Nu = 86,5
£ = 0,0133 cal/cm sec degC
A 14,6 em
%% = 2,1 deg C/cm
dzT
—5 = 0.15 deg C/cm/em
dx

A o= 0.5%

An experiment with a very steep axial temperature gradient
was chosen in order to obtain a conservative aeastimate of ;? + Thus
it is seen that the Princeton adiabatic flow reactor is not troubled
with longitudinal heat transfer problems.

Since temperature and concentration gradients in the reactor
are proportional to each other, an argument similar to that made for
the importance of longitudinal heat transfer may be used to show that
longitudinal mass transfer is not important,

The interaction between chemical felaxation and turbulent
fluctuations is more difficult to determine. It has been Freated by
Predvolitev (70) and Corrsin (71).
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Predvolitev (70) assumes that the rate of the chemical process

is a single valued and explicit function of the components of the

fluctuating velocity of the turbulent stream., He concludes by stating

that the problem of evaluating a measurable rate of a chemical reaction

under turbulent conditions resolves itself into determining the cor-

c o e

relation coefficient of the turbulent stream and the E%E , Where

is the reaction rate corresponding to given values of the 27 and
components of the fluctuating velocity of the stream, It seems that )
Predvolitev merely suggests an avenue of approach to the study of the
interaction of turbulence and chemical reaction rate without really
offering a solution to the problem,

Corrsin (71) describes the nature of turbulence, and especially
isotropic turbulent mixing as ''the problem of predicting the statistical
properties of an isotropic scalar fluctuation field which is randomly g
convected (= "stirred") by isotropic turbulence while simultaneously :
being smeared out by molecular diffusion.”

According to Hinze (72) turbulent motion '"can be assumed to

consist of the superposition of eddies of various sizes and vorticities

r

E with distinguishable upper and lower limits. The upper size limit of d
the eddies is determined mainly by the size of the apparatus, whereas
the lower limit is determined by viscosity effects and decreases with g
increasing velocity of the average flow, other conditions remaining

| the same, Within these smallest eddies the flow is no longer turbulent,
but viscous, and molecular effects are dominant."” Batchelor (73)

states that the energy of turbulent motion dies away effectively to
zero long before length scales comparable with the mean free path are

! reached. It seems reasonable to assume that the only ways in which ﬂ
' ! the chemical kinetics within these smallest eddies can be affected are

hy turbulent pressure fluctuations in the fluid and by molecular dif-
, fusion of species into or out of the tiny eddy, If the "mean free

1 ; path" of the eddy is sufficiently small so that the cddy does not L

| travel into regimes whose concentration and temperature are drastically 1

different, then the eddy will not encounter steep gradients, and the
\ rate of change of conditions in the eddy due to diffusion effects will
be slow, For flow in a circular pipe, an eddy '"mean free path" is

likely to be less than the pipe diameter, and for Reynold's numbers in

Ao,
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the experiment (i.e., Re  10,000)
A= 0.2 (74)
for D = 3", L= 0.6"

The reaction in the reactor is spread over approximately 30." Thus
an eddy encounters approximately a 2% change in concentration, and
approximately a two degree difference in temperature. It seems safe
to say that gradients are sufficiently shallow so that diffusion will
not cause any rapid fluctuations of temperature or concentration within
an eddy. As regards pressure fluctuations, and temperature fluctuations
due to compressibility, Wight (75) has shown that these do not sig-
nificantly affect the chemical kinetics.

Laurence (76) studied intensity, scale, and spectra of

turbulence in the mixing region of a free subsonic jet. At a Reynold's

number as high as 300,000, Laurence (76) found a sharp drop in spectral
density of the turbulence as the frequency increased above 1000 cps.

This results in a characteristic time of approximately 1 millisec. If ,
one assumes that the characteristic frequency of oscillation is inversely

proportional to the viscous damping, i.e., directly proportional to

Reynold's number, a characteristic time of 30 millisec is obtained for ‘ s
Re = 10,000, !
Taking
U = 0,03 (74)
A = 0.2p

» characteristic time of 20 milliseconds is obtained. At 1000° K,
the time required to reach a kinetic steady state is somewhat less than
0.1 millisec., The time required for the free radical system to adjust
to a temperature change of a few degrees is likely to be less.
Thus it seems safe to assume that steady state kinetics do ; |
prevail in the flow reactor, '
The temperature probe measures an average temperature of the {
turbulent eddies which flow past it. Now, is the reaction rate deduced ’

from this average temperature the same as the average rate? The *

fluctuating temperature which the probe sees ma; be represented as

™oy a, §0t)

".TT

follows:
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By definition, the mean temperature is a constant independent

of time. Thus one may write

L (Tre _
Tj = dt =1

o
It follows that:

Tet)dt =0

The overall rate constant k may be written in tewrms of an Arrhenius

expression

k(T) = A exp [“ET‘.]
R(T) = A e)\p[-gﬁ-r-_]

B = o ['ﬁ? (1 - ‘F‘)l

- I = d+ay £(t)-1 Anf(t)
T lci-amc(t) = Tra,{k)

for small a.

Ax £(})
I+ a, f(t) Ay 4(2)

For small a
n

k(T) B (V)

X [
e = +x+Fx'+ x4 ...

‘F(t)Jt"o and {L(t)S |

—= &
k(1) _ k(T
= T j ———HT ;&;— fexf:[s%_ﬁﬂt)J
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(4
Thus -,!?,— f Q: 'ft&)c& < Q:

- R(T)- p(F) E
3= ifﬁg&r < 5

2

if higher order terms are neglected.
For the case where £(t) = Sint

L Tt
ZJM', tdt =4
o
and 2
é; R (;52219
=4 RT
Now, assume the temperature fluctuation to be 10% of the total
temperature spread.

Typical operating values are
spread = 100 deg K

T = 800 deg K
K(i) = 100 sec“1
E = 30 kcal/mole

Under these conditions

E =18.9; n = 1
RT 80
o =18.9 =2.36 x 10!
RT 80
2
e = 5.56 x 10" 2
RT
S _ -2
=2.78 x 1072 = 2.8%
for X = 0.236
e* = 1.266

1+X+X5  =1.259
2
If all the integrals

I ?‘h
e j £ ()t =1
which results in the maximum possible deviation,

S = 2.78%  1.266, = 2.8%
max 1.259

It follows that under normal operating conditions of the

A i 8 o i $2s w

el




L TR
"

s U
it i e 3

[N
! rm—————

-57-

flow reactor, differences between mean rate and rate at mean temperature
are small and may be neglected,

It might be noted that if A T is only 2 deg as was estimated
from an approximate "eddy mean free path,' then S becomes as little
as 0,2%.

For a first order reaction, there is no effect if the con-
centration is oscillated. For an nt order reaction, the following

analysis applies

R=c"
where R is the rate divided by the Arrhenius expression.
Taking
c=2¢C (1 + b g(c))
where
-1 s—.)fs.)
and
5 ©u-o
/]
R(C _ S c
R rad (g) d
o
for 0 =2 this becowmes
2
y = R (C) - R (C) < bn
R(C) =

if bn is as large as 10%, y 1is still only 1% and for the
expected bn of 2%, y = 0,047 and thus the effect of concentration
oscillations is also negligible.

If &ensity variations are neglected for the moment, a heat

balance for a fluid element shows the following

-c= 8 -
e, - ¢ C (T TO)
p
where
c is concentration

is temperature

is chemical heat release

PR R




& HT S At o s e 0

-58~

c is heat capacity of the carrier gas

Differentiating the above expression ylelds:

4 - & 4

Since the reaction goes to completion, CF =0 and
Y = -&- -
C c (Tf T)
p
JLogee 1 4T
¢ dt T, - T dt

for a first order reaction,
In the preceding it was shown that there is no significant
smearing out of the temperature profile by longitudinal heat trancsfer,

This means that the quantity deduced from the experimental data really

is
.1l &
C dt

It was further shown that steady state kinetics apply. Thus it
seems reasonable that the overall reaction can be approximated by an

Arrhenius expression

1 dc e E .

for a first order reaction.

Finally, it was shown that the rate at the mean temper.iture
seen by the thermocouple is the same as the mean rate in the turbulent
field seen by the probe., Thus the measured temperature is appropriate
for use in the Arrhenius expression,

It may be concluded that the turbulence level in the reactor
is such that the chemical kinetics measurements are not affecting by
the existing turbulence.

In what follows, a description of the experimental apparatus

will be presented,
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CHAPTER IV

EXPERIMENTAL APPARATUS AND PROCEDURE

The flow reactor used in the experiments is a modified version
of that used by Crocce, Glassman, and Smith (69) for the study of ethylene
oxide decomposition, and by Swigart (77) in his study of the hydrogen-

oxygen reaction.

A hot carrier gas flows through a quartz duct whose walls are
heated electrically to the carrier gas temperature to prevent heat loss
to the ambient air. The reactor consists of a cylindrical section, the
inside diameter of which may be varied in one inch steps between 1 inch
and 4 inches. and a conical section. The wide part of the cone is joined
with the main cylindrical section, whereas the narrow part is joined with
another conical section to form a nozzle. At the throat of this nozzle,
small quantities of gas phase reactant are injected perpendicularly to
the main stream. Since the gas velccities in the nozzle are quite high,

rapid mixing results. The mixing is followed by chemical reaction. When

a steady state has been reached in tl« resactor, the longitudinal temperature

profile is measured.

The discussion of the apparatus will be presented in five sections.

First, time at which reaction starts, mixing, and turbulence effects will
be treated. Then, the flow reactor and its carrier gas supply will be

discussed in detail. The temperature measurement technique will be pre-

sented. This will be followed by a discussion of the gaseous fuel injection

assembly and the fuel vaporization system.

A, Start of Reaction, Mixing, and Turbulence Effects

This problem may be considered to have three aspecits, namely,
decomposition in the fuel supply line, decomposition in the injectors,
and a reaction which is so rapid that it progresses significantly before
mixing with the carrier gas is complete. All of these aspects have been

investigated.
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The problem of decomposition in the fuel supply line was

investigated for hydrazine-water mixtures containing up to 80% hydrazine
by weight. This study was conducted as follows: The fuel vapor supply
line was disconnected from the injection manifold, and instead was connected
to a water cooled pyrex condensing coil. The fuel vaporization system
was then operated in a manner identical to that employed in the kinetics
experiments. The condensate was analysed for hydrazine using the direct
iodine method (78). The behiavior of hydrazine-water mixtures of various
strengths was studied. These mixtures ranged from 50% hydrazine to 80%
hydrazine. In all cases, analysis of the condensate showed hydrazine
content to be within 1% of that in the initial liquid. It should be
mentioned that, apart from the safety hazard, the above type experiments
are not likely to he very fruitful for studying anhydrous hydrazine
behavior. Since all the decomposition products of hydrazine are gaseous,
the concentration of hydrazine in the condensate would be independent of

the amount of hydrazine decomposed.

In a previous study, stainless steel injectors and a stainless
steel flow reactoer had been employed. Under these conditions, hydrazine
reacted in the fuel injectors. This condition was obvious from the
following observations: The binder in the glass wool packing around
the injectors smoked, indicating that the injectors got very hot, and
nc temperature profiles characteristic of reaction could be obtained in
the flow reactor, 2nd indicated that the hydrazine was consumed before

it could react in the flow reactor.

In the present all-suartz system neither of these difficulties
vas encountered. Therefore, the amount of decomposition in the fuel
injectors must have been negligibly small. If there was some decomposition
in the injectors, then tihe reactor temperature traces should Le sensitive
to the amount of diluent nitrogen mixed with the hydrazine vapor prior
to .njection. However, no effect was observed when the amount of diluent

gas was varied,

From the above considerations it may be concluded that there is

no decomposition of reactant prior to injection into the hot carrier gas.
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A consideration of the processes taking place in the mixing region
shows the following ones to be ‘wportant: local relaxation of temperature
between carrier gas and reactant, mixing downstream of the injection point
to produce uniform radial distributions of temperature and concentration,

and initial buildup of free radicals to "steady state" concentrations.

The slowest step in local temperature relaxation is vibrational
relaxation of the reactant molecule. However, this is likely to occur
within a few microseconds. From cold gas injection traces, the mixing
distance was estimated to be approximately 3 inches, which corresponds
to about 0.5 milliseconds under normal operating conditions. However,
computations on reaction mechanisms showed that the time necessary to

reach a chemical steady state is in the order of 0.1 milliseconds.

Thus the mixing region is a region of non-uniform chemical
reaction. Furthermore, the steady state free radical concentration
follows an Arrhenius type dependence on temperature. As a result,
the reaction rate immediately following the mixing rc<sion will be
higher than that which would have been attained if mixing had been

instantaneous.

However, the very rapidit-- of free radical reactions which
made it impossible for mixing to be completed before the commencement of
chemical reaction, becomes very valuable once mixing has been achieved.
fince the chemical system very rapidly adjusts to a given temperature
and reactant concentration, the reaction rate in the radially uniform
region downstream of the mixing zone will be a function only of temperature

and concentration, and not of previous history.

The g:.cral turbulence level in the reactor, and the effectiveness
of the mixing process are related to the carrvier gas flow rate. 1If the
mixing process is very critical, or if turbulence effects have an important
influence on chemical reaction rates, then varying the carrier gas flow
rate should have an efiect on the rate constants obtained. The results
of these experiments are shown in Figure 6. No effect of velocity
variation on rate constant is apparent. From analysis of the effect that

turbulence is likely to have on chemical reaction rzte, given earlier, it




was indeed concluded that under conditions encountered in the flow reactor

the effect of turbulent fluctuation should be very small. This
experimental observation also agrees with the conclusion that the detailed
nature of the mixing process does not affect chemical reaction rates

measured downstream of the mixing region.

B. Flow Reactor aand Carrier Gas System

A drawing of the chemical kinetic flow reactor is shown in
Figure 7, and a photograph of the apparatus is shown in Figure 8. Figure 9

shows the guartz reactor removed from the assembly.

As was already stated, the reactor consists of a cylindrical
section, the inside diameter of which may be varied in one inch steps
between 1 inch and & inches, and a conical section. The wide part of the
cone is joined with the main cylindrical section, whereas the narrow
part is joined with another conical section to form a nozzle. The
divergent section of the cone has a half-angle of 15 degrees, this being

tlie stecpest angle for which there is no separation of the flow.

The quart: reactor is surrounded by a metal sleeve which is
heated electrically to a mean reactor temperature so as to prevent heat

losses to the ambient air.

Ceramic beds are used tr .eat the carrier gas. Before the
experiment is performed, these beds are heated by oil burners, bringing
the ceramic packing to 1000°C or more. During the heating process, the
exhaust gases bypass the reactor. Since packed Deds are treated
extensively in engineering literature no further discussion of them will
be given here. Note that a drawing of the packed beds used is showm in

Figure 7.

During the experiment, carrier gas iJ passed through the two
beds in series. Upon leaving the second bed it is mixed with cold carrier
gas so that the temperature level may be properly adjusted. The temperature
of the carrier gas is maintained constant by a servo system which varies

the ratio of hot-to-cold gas. The total carrier gas flow is metered by a
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critical flow orifice, and the hot and cold gas valves are located down-
i stream of this orifice, so that varying the ratio of cold to hot gas

does not change the total flow rate of carrier. Figure 10 shows a :
schematic of the carrier flow system. Pigure 11 shows a schematic of

1 the temperature control servo system, which is shown in a photograph in .

Figure 12.

The nitrogen, which was used as a carrier gas was obtained

from a 2000 psi bank of compressed nitrogen which in turn was filled

} from a liquid nitrogen storage tank.

Photographs of the control panels for the apparatus are shown

{ in Figures 13 and 14.
]

C. Temperature Measurement

Longitudinal temperature profiles in the duct were measured

with a silica coated Pt/Pt - 13% Rh thermoccuple. The output from the

<

tuarmocouple vas fed to a2 circuit of the type shown in Figure 15. The

P v NPT

P v)

change in temperature during a run was small compared to the mean
temperature of the rum. Thus, maximum accuracy can be obtained if a full
scale deflection of the measuring instrument is made to correspond to the !
! change of temperature during a run. This was done by placing a bucking '
potentiometer in the thermocouple circuit. As a result, a signal
corresponding to a differential temperature was fed to the Leeds and

Northrup variable range, variable zero Speedomax recording potentiometer

shovn in Figure 16.

Prior to a set of experimental runs, a series of runs without
reactant was made to determine the carrier gas temperature at which 1
heat exchange with the reactor walls is minimized. The experimental
runs were then conducted at temper<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>